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ABSTRACT 
 
 
This thesis reports on the analytical and experimental study on thermal and 
dielectric behaviour of hybrid filler polymer composites. The objective is to 
explore the possibility of using multiple ceramic fillers in polymers to make 
composites suitable for microelectronic applications. The first part of the report 
is on the development of theoretical heat conduction models based on which 
mathematical correlations have been proposed for estimation of effective 
thermal conductivity of polymer composites with single as well as hybrid fillers. 
The second part has provided the description of the materials used, routes 
adopted to fabricate the various epoxy and polypropylene composites and the 
details of the experiments that are conducted during this research. It also 
presents the test results in regard to the physical, micro-structural and 
mechanical characteristics of all the epoxy and polypropylene based composites 
filled with single filler i.e. micro-sized Aluminium nitride (AlN)/ Aluminium 
oxide (Al2O3). A comparative evaluation of the effects of premixing of solid glass 
microspheres with micro-sized AlN/Al2O3 on the different physical and 
mechanical properties of composite systems is also reported. The last part has 
emphasized on the thermal and dielectric characteristics of the composites under 
this investigation. It includes an assessment of the effective thermal conductivity 
of these composites using the proposed theoretical models. Effects of inclusion of 
various combinations of single/hybrid fillers on the effective thermal 
conductivity (keff), glass transition temperature (Tg), coefficient of thermal 
expansion (CTE) and dielectric constant (ɛc) of the composites are presented.   
Analytical models developed in this work for evaluating effective thermal 
conductivity of single/hybrid filler reinforced polymer composites are based on 
the principle of law of minimal thermal resistance and equal law of specific 
equivalent thermal conductivity. The values obtained from the theoretical model 
for single filler polymer composites are in close approximation with the 
corresponding measured values up to percolation threshold. For hybrid filler 
model, the calculated values are in good approximation for the entire range of 
filler content as no percolation is seen for hybrid composites. Percolation is the 
phenomenon which occurs when the content of conductive filler in matrix 
becomes substantially high so as to form thermal bridges across the planes 
throughout the system resulting in a sudden improvement of conductivity. The 
volume fraction of filler at which sudden jump in the composite effective thermal 
conductivity occurs is called the percolation threshold of that filler-matrix 
viii 
 
combination. This phenomenon however has not occurred for hybrid filler 
composites. 
The present research also shows that the selected aluminum based ceramic 
powders have the potential to be successfully used as functional filler materials 
in both thermoset and thermoplastic polymers. It is also noticed that the epoxy 
based composites have higher void fraction compared to that in the 
polypropylene based composites. Inclusion of spherical particles in these 
polymeric resins has not resulted in any improvement in the load bearing 
capacity (tensile strength). On the other hand, hardness and compressive 
strength values have been found to have improved invariably for all the 
composites.  
Inclusion of single filler i.e. micro-sized AlN/Al2O3 appreciably enhances the 
effective thermal conductivity of polymers. Other thermal properties like CTE 
and Tg also get modified accordingly. But, with addition of these fillers, little 
increase in the value dielectric constant is noted. The polymer composite 
fabricated in present work must possess low dielectric constant which does not 
get completely fulfilled with single fillers. So SGM is introduced as a secondary 
filler to overcome this problem. With the addition of SGM in combination with 
AlN/Al2O3 modifies various physical, mechanical and thermal properties. But 
most importantly, a noticeable change is observed in case of dielectric constant 
value. With SGM as the secondary filler, much lower value of dielectric constant 
is obtained which is almost around that of the neat polymer. It is seen that apart 
from the effective thermal conductivity, all the other properties shows positive 
modification for hybrid filler composites as compared to single filler composites 
as far as their applications in microelectronics are concerned.  
The particulate filled polymer composites developed for this investigation are 
expected to have adequate potential for a wide variety of applications 
particularly in microelectronic industries. With enhanced thermal conductivity, 
improved glass transition temperature, reduced thermal expansion coefficient 
and modified dielectric characteristics, the epoxy and polypropylene composites 
with appropriate proportions of fillers can be used in microelectronic 
applications like electronic packaging, encapsulations, printed circuit board 
substrates etc. 
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Chapter 1 
INTRODUCTION 
1.1 Preamble 
Moore‘s Law, the famous prediction states that memory density in electronic 
components increases fourfold every three years [1]. Integration of large number 
of components on a single chip reduces the average distance between them 
which leads to compact devices with improved performance. However, this 
performance and functions of a chip have come with a hidden cost i.e. heat. The 
placement of more functions in a smaller package has an inevitable result of 
higher heat densities. Highly compact devices lead to the fast heating of chips, if 
not properly cooled. Such overheating reduces the reliability of integrated chips 
or sometimes may also cause permanent damage. With excessive working 
temperature, important electrical parameters such as gain, leakages and offset of 
a device also get changed. It is estimated that leakage currents in circuits often 
double every 10˚C. If the temperature of an active device increases too much, it 
will exceed the manufacturer‘s specifications and will usually fail [2]. The 
problem also aggravates as the power (voltage and current) increases and so the 
power gets to be restricted by the heat dissipation. The problem is further 
compounded by thermal fatigue, which results from cyclic heating and thermal 
expansion mismatches. Therefore, it is desired to keep the temperature of 
electronic components below its critical value to avoid any permanent damage. 
As it is known, the trend in packaging electronic systems has been to reduce size 
and increase performance. So the future of 3D integrated circuits crucially 
hinges on the development of practical solutions for heat removal which requires 
high priority to be given to thermal management in their design to maintain 
system performance and reliability. Since there is a need of high performance 
and small size of electronic components, installation of separate heat sinks is not 
an option anymore. In addition, materials with their coefficients of thermal 
expansion similar to those of ceramic substrates and semiconductors are 
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favourable to minimize the thermo-mechanical stresses. Hence, it is desired that 
the entire packaging of electronic devices must be made out of materials that can 
simultaneously provide signal distribution, heat dissipation, package protection 
and power distribution [3]. In other words, this prompts the need to develop 
advanced monolithic and composite materials that are tailored to meet the 
specific requirements of the microelectronic components, electronic packaging 
or other heat management solutions.  
1.2 Composite Materials 
Composite materials are combination of two or more materials differing in form 
or composition on a macro-scale. The combining constituents retain their 
identities i.e. they do not dissolve or merge into each other, although they act in 
concert. Normally, the components can be physically identified and exhibit an 
interface between each other. One constituent is called the reinforcing phase and 
the one in which the reinforcing phase is embedded is called the matrix phase. 
The primary functions of the matrix are to transfer stresses between the 
reinforcing fibers/particles and to protect them from mechanical and/or 
environmental damage whereas the presence of fibers/particles in a composite 
improves its various properties. A composite may also be defined as a material 
system composed of two or more physically distinct phases whose combination 
produces aggregate properties that are different from those of its 
constituents.The objective is to take advantage of the superior properties of both 
materials without compromising on the weakness of either [3]. 
Composites have successfully substituted the traditional materials in several 
light weight and high strength applications. The reasons why composites are 
selected for such applications are mainly their high strength-to-weight ratio, 
tensile strength at elevated temperatures, creep resistance and toughness. If the 
composite is designed and fabricated correctly it combines the strength of the 
reinforcement with the toughness of the matrix to achieve a combination of 
desirable properties not available in any single conventional material. 
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Classification of Composites 
Composite materials are commonly classified at following two distinct levels: 
a) The first level of classification is usually made with respect to the matrix 
constituent. The major composite classes include metal matrix composites 
(MMCs), ceramic matrix composites (CMCs) and polymer matrix 
composites (PMCs).  
b) The second level of classification refers to the reinforcement form. The 
major classes in this level include fiber reinforced composites (FRP) and 
particulate reinforced composites (PRP).  
Metal Matrix Composites: 
Metal Matrix Composites have many advantages over monolithic metals like 
higher specific modulus, higher specific strength, better properties at elevated 
temperatures and lower coefficient of thermal expansion. Because of these 
attributes, metal matrix composites are under consideration for wide range of 
applications viz. combustion chamber nozzle (in rocket, space shuttle), housings, 
tubing, cables, heat exchangers, structural members etc. 
Ceramic Matrix Composites:  
Ceramics are materials which exhibit very strong ionic bonding and in few cases 
covalent bonding. High melting points, good corrosion resistance, stability at 
elevated temperatures and high compressive strength, render ceramic-based 
matrix materials a favourite for applications requiring a structural material. Also 
ceramic matrices are the obvious choice for high temperature applications that 
doesn‘t give way at temperatures above 1500ºC. 
Polymer Matrix Composites:  
Polymers make ideal materials as they possess lightweight. Most commonly 
used matrix materials are polymeric. The reasons for this are two-fold. In 
general, the mechanical properties of polymers are inadequate for many 
structural purposes; particularly their strength and stiffness compared to metals 
and ceramics. Also polymers possess very low value of thermal conductivity. 
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These difficulties are overcome by reinforcing other materials in polymers. 
Secondly, the processing of polymer matrix composites need not involve high 
pressure and temperature. Also, equipment required for manufacturing polymer 
matrix composites are simpler. They have a greater elastic modulus than the neat 
polymer and are not as brittle as ceramics. 
Fiber Reinforced Composites:  
Common fiber reinforced composites are composed of fibers and a matrix. 
Fibers are considered as important classes of reinforcement, as they satisfy the 
desired conditions and transfer strength to the matrix constituent influencing and 
enhancing their properties as desired. Fibers are the main source of strength 
while matrix glues all the fibers together in shape and transfers stresses between 
the reinforcing fibers. The performance of a fiber composite is judged by its 
length, shape, orientation and composition and the properties of the matrix. 
Particle Reinforced Composites: 
Microstructures of composites, which show particles of one phase strewn in the 
other, are known as particle reinforced composites. Particles are considered as 
another important class of reinforcement material. Particles include ceramics, 
small mineral particles, metal powders such as aluminium and amorphous 
materials including polymers and carbon black. These are used to increase the 
modulus and to decrease the ductility of the matrix and often the cost of the 
composites. The benefits offered by particulate fillers also include increased 
thermal resistance, stability, abrasion resistance etc.  The filler particles may be 
irregular structures or have precise geometrical shapes. 
1.3 Introduction to the Research Topic   
From the beginning, composite materials are traditionally designed for making 
structural components. But with the rapid growth of the electronics industry, the 
composites start to find their electronic applications as well. The requirements of 
properties of composites for structural applications are different from those for 
electronic applications. So the criteria for designing these composites are also 
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entirely different. While structural composites concentrate on obtaining high 
strength value, electronic composites emphasize on obtaining high thermal 
conductivity, low coefficient of thermal expansion, low dielectric constant and 
high/low electrical conductivity depending on the application. Moreover the cost 
of materials tends to be of less concern for electronic composites due to small 
size of its parts than structural composites whose processability is mainly for 
large parts like panels, aerospace bodies etc.  Apart from that, low density is 
very much desirable for both the above types of composite system.  
Current research is being conducted on composite material that can be used for 
microelectronic applications. For these applications, high thermal conductivity 
and low dielectric constant are the most important requirements when selecting 
materials. Most metal matrix composites and ceramic matrix composites are 
thermally conductive but are electrically conductive as well, which may not be 
suitable for electronic packaging application due to the possibility of having 
short-circuits. So the present research has been focused on developing a third 
type of composites, which are polymer matrix composites, where polymers are 
embedded with thermally conductive and electrically insulative particulate 
fillers. PMCs have a number of advantages, including their low mass-density 
and the ability to be moulded into complex shapes with tight tolerances, 
eliminating the need for further machining that are often required with metal-
cast parts.  
The applications of polymer matrix composites in microelectronics include 
printed circuit boards, substrate, interconnection, interlayer dielectrics, die 
attach, encapsulations, lid, heat sinks, electrical contacts, connectors, thermal 
interface material and housings [4]. These require materials having high thermal 
conductivities, low coefficient of thermal expansion, light weight, lower 
dielectric constant, high compressive strength, increased reliability and good 
manufacturability. 
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Metallic and carbon-based fillers are highly conductive thermally, but they are 
electrically conductive as well. So they are not considered as an ideal reinforcing 
candidate for microelectronic applications. Ceramic powder reinforced polymer 
materials have been used extensively for such applications because of their high 
thermal and low electrical conductivity. Addition of ceramic filler successfully 
enhances the heat conduction in polymers but increase in dielectric constant of 
such composite is also reported [5]. Though this increase is very less as 
compared to the increase of heat conduction, but for microelectronic applications 
it may be hazardous. It seems that single filler alone cannot improve the thermal 
conductivity and decrease the dielectric constant of the composite 
simultaneously. So the incorporation of multiple fillers in terms of a combination 
of fillers with high thermal conductivity and low dielectric constant in polymer 
matrix is suggested which gives rise to the development of hybrid filler 
composites. 
A hybrid composite is defined as a multi-component composite system, 
consisting of a matrix phase reinforced with more than one filler not similar in 
all respect. In other words, the use of two or more reinforcement in a polymeric 
matrix or the use of multiple matrices leads to the formation of hybrid polymeric 
matrix composites. Hybridization provides better tuning compatibility to get 
desired properties in comparison with their mono-reinforcement counterparts. 
This is expected as hybridization provides additional degrees of freedom to the 
designer in designing composite materials because of contrasting properties of 
additional filler material [6]. However, the characteristics of hybrid composites 
are governed by a more complex behaviour of the interfacial properties and lay-
up design. 
Against this background, an attempt has been made in this research work to 
develop a new class of composites which can be successfully used for 
microelectronic applications.  
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1.4 Thesis Outline  
The remainder of this thesis is organized as follows: 
Chapter 2 
This chapter includes a literature review designed to provide a summary of the 
base of knowledge already available involving the issues of interest. It presents 
the research works on various analytical models as well as for particulate 
reinforced polymer composites with emphasis on their thermal and dielectric 
behaviour reported by previous investigators. 
Chapter 3 
This chapter presents the development of theoretical models for estimation of 
effective thermal conductivity of particulate filled polymer composites with 
single as well as multiple fillers. 
Chapter 4 
This chapter includes a description of the raw materials used and the test 
procedures followed. It presents the details of fabrication and characterization of 
the composites under investigation.     
Chapter 5 
This chapter presents the test results in regard to the physical, micro-structural 
and mechanical characteristics of the composites under study. 
Chapter 6 
This chapter presents the thermal and dielectric properties of epoxy based 
composites with single as well as with hybrid fillers. 
Chapter 7 
This chapter presents the thermal and dielectric properties of polypropylene 
based composites with single as well as with hybrid fillers. 
Chapter 8 
Provides summary of the research findings, outlines specific conclusions drawn 
from both the experimental and analytical efforts and suggests ideas and 
directions for future research. 
***** 
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1. Development of theoretical models for estimation of effective thermal 
conductivity of polymer composites with single and hybrid fillers. 
2. Fabrication of different sets of single filler epoxy and polypropylene 
composites filled with micro-sized AlN and Al2O3 particles. 
3. Similar fabrication of different sets of hybrid filler epoxy and 
polypropylene composites filled with micro-sized AlN or Al2O3 particles 
premixed with SGM. 
4. Validation of the proposed models by experimental determination of the 
effective thermal conductivities of all the fabricated samples. 
5. Physical, mechanical and micro-structural characterization of all single 
and hybrid filler composites under this study. 
6. Study the effects of fillers on properties like glass transition temperature, 
coefficient of thermal expansion and dielectric constant of these 
composites and exploring the possibility of their use in micro-electronics 
applications. 
Chapter Summary 
This chapter has provided 
 An exhaustive review of research works on various aspects of particulate 
filled polymer composites reported by previous investigators 
 The knowledge gap in earlier investigations 
 The objectives of the present work 
The next chapter presents the development of two theoretical models to estimate 
the effective thermal conductivity of polymer composites filled with single and 
hybrid fillers.  
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Chapter 3 
DEVELOPMENT OF THEORETICAL MODELS FOR 
EFFECTIVE THERMAL CONDUCTIVITY OF 
POLYMER COMPOSITES 
This chapter presents the development of theoretical models for estimating the 
effective thermal conductivity of polymer composites filled with one and more 
than one type of particulate fillers. It also gives an overview of the principles 
used for deriving the correlation for estimating the effective thermal conductivity 
of particulate filled polymer composites. 
3.1 Basic principles 
Law of minimal thermal resistance and equal law of specific equivalent thermal 
conductivity: 
In a heterogeneous system, heat conduction takes place along the path that offers 
minimum thermal resistance. On the basis of law of minimal thermal resistance 
and equal law of specific equivalent thermal conductivity, when only one mode 
of heat transfer is considered, i.e. heat conduction, and specific equivalent 
thermal resistance of single element of the composite is considered equal to the 
total thermal resistance of the composite. And the equivalent thermal 
conductivity of that single element is considered equal to the total thermal 
conductivity of the composite. So by following the above laws, once the 
equivalent thermal conductivity of small single element is calculated, the 
effective thermal conductivity of the complete system can be estimated. 
3.2 Development of theoretical model: for single filler 
3.2.1 Nomenclature 
The following symbols are used for the development of theoretical model for 
estimation of effective thermal conductivity of single filler reinforced polymer 
composites: 
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H side length of the cubical element under study 
R radius of the spherical filler 
kp intrinsic thermal conductivity of polymer phase 
kf intrinsic thermal conductivity of filler phase 
S cross-sectional area of element under study in the direction of heat flow 
Sp cross-sectional area of polymer phase in the direction of heat flow 
Sf cross-sectional area of filler phase in the direction of heat flow 
Q quantity of heat flow through the cross sectional area of the element under 
study Qp quantity of heat flow through the cross sectional area of polymer phase 
Qf quantity of heat flow through the cross sectional area of filler phase  
Vc volume of element under study  
Vp volume of polymer phase  
Vf volume of filler phase  
h1,h2,h3 height of part 1,2 and 3 respectively of the element under study 
k1, k2,k3 thermal conductivity of part 1,2 and 3 respectively of the element under study 
R total thermal resistance of the element under study 
R1, R2,R3 thermal resistance of  part 1, 2 and 3 respectively of the element under study 
Φf volume fraction of the filler in the matrix 
ΔT temperature difference along the direction of heat flow 
keff effective thermal conductivity of element under study 
 
3.2.2 Model development 
From the literature, it is clear that the most effective way to enhance heat 
conduction behaviour of a polymer is by incorporating thermally conductive 
fillers into it. Inclusion of insoluble solid particles in a polymer gives rise to the 
formation of a heterogeneous material system i.e. a composite. Study on 
analytical evaluation of effective thermal conductivity of such composite 
material is less compared to its experimental counterparts. However, as stated, 
the factors affecting the effective thermal conductivity and heat transfer in 
polymer composites are relatively more, such as nature of resin, the shape, size 
and content of particles as well as the dispersion and distribution pattern of the 
fillers in the matrix. Therefore, a thorough research into the heat transfer 
process, mechanisms and their quantitative description is mandatory. The 
proposed model addresses these in an effective manner for estimating the 
effective thermal conductivity of composite material with a wide range of filler 
concentration. The development of the model proceeds as follows: 
Ph.D. Thesis 2015 
 
National Institute of Technology, Rourkela (India) Page 52 
 
Heat transfer element  
Figure 3.1 shows the three-dimensional depiction of particulate filled composite 
where spherical filler particles are embedded inside a cubical arrangement and a 
single element with a single filler surrounded by matrix as shown in Figure 3.2 is 
chosen from it for further analysis of heat transfer mechanism. Figure 3.3 shows 
the front view of the element under study in which heat flow enters into the 
element from top of the square.  
 
 
 
 
 
 
 
 
As the filler material is spherical in shape, for convenience, only the case of 
spherical inclusions is considered in the matrix. From the element under study, 
expression for filler volume fraction can be expressed as follows: 
3
3
3
4
H
r
V
V
S
f
f

           (3.1) 
In present study, theoretical analysis of heat transfer in composite material is 
based on the following assumptions: 
(a) The solid spherical fillers are evenly distributed in the polymer matrix; 
(b) Locally both the matrix and fillers are homogeneous and isotropic;  
(c) The thermal contact resistance between the filler and the matrix is negligible; 
(d) The composite body is free from voids and 
(e) The temperature distribution along the direction of heat flow is linear. 
Fig 3.1 3-Dimensional view of single 
filler composite 
Fig 3.2 3-Dimensional view of 
anelement under study 
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Fig 3.3 Front view of heat transfer model for single filler composite 
Heat transfer modelling  
The thermal property of a body depends on the path followed by the heat while 
getting transferred in the materials. A series model of heat conduction through 
the unit cell of particulate filled polymer composite is considered as shown in 
Figure 3.4. The element is divided into three parts, part I and part III represents 
the neat polymer while part II represent the combination of polymer matrix and 
filler particle. k1, k2 and k3 are the mean conductivity coefficient of respective 
parts. The thicknesses of part I and part III are h1 and h3 respectively and that of 
part II is h2. For simplicity, thicknesses of part I and part III are considered to be 
equal i.e. h1= h3. To determine the effective thermal conductivity of the entire 
element, the law of minimum thermal resistance and the equal law of specific 
thermal conductivity are followed. 
The heat transport in solid micro-sphere particle filled polymer composites has 
two mechanisms: (i) solid thermal conduction and (ii) heat radiation on the 
surface between neighbouring particles. The heat transfer is occurred mainly by 
the mode of conduction. The temperature changes more quickly inside the 
sphere than outside the sphere. Polymer composite works usually under lower 
temperature conditions where the proportion of the thermal radiation in the total 
heat transfer is very small, hence the thermal radiation effect is neglected. 
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Fig 3.4 A series model of heat transfer for single filler composite 
From the Fourier law of heat conduction, heat quantity can be expressed as: 
kSdx
T
dx
T
kSQ



         (3.2) 
And the thermal resistance is expressed as: 
kS
dx
R           (3.3) 
where dx is the length of path followed by heat quantity. 
As already assumed that the temperature distribution along the direction of heat 
flow will be linear, thermal conductivity of each section can be calculated as: 
For part I and III: 
Since, no filler particle is there in this region, thermal conductivity of this region 
will be the same as that of polymer matrix i.e.  
 
11
1
31
h
pp
k
h
dy
kkk         (3.4)
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For part II: 
As this section consists of both the phases, its equivalent thermal conductivity is 
the result of the combined effect of matrix and filler material. Taking a thin 
elemental piece of thickness dy and applying Fourier‘s law of heat conduction, 
k2 is given as: 
 
S
Sk
S
Sk
S
dy
dT
QQ
k
ffppfp











2
      (3.5) 
Now integrating it over the complete thickness, we get
 
 
 
ffpp
h
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VSVk
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
 
22
2
1//
2
   (3.6)
 
Similarly, thermal resistances of the three parts are given as: 
 
Sk
h
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p
1
31
         (3.7)
  
 
  ffpp
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h
SVkVk
Sh
h
R


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2
2
2
2
2
1
     (3.8)
  
As the series model is considered for heat transfer in the element, the effective 
thermal conductivity of composites is given by: 
 
 SRRR
H
RS
H
k
eff
321


   
   (3.9) 
Substituting equation (3.7) and (3.8) into equation (3.9), we get, 
S
Sk
h
VkVk
h
Sk
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H
k
pffppp
eff












1
2
21
             (3.10) 
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which can be written as: 











ffppp
eff
VkVk
Sh
k
h
H
k
2
21
2
              (3.11) 
From Figure 3.4 it is clear that, 
2
2
1
rH
h

  , rh 2
2
              (3.12) 
Substituting equation (3.12) in equation (3.11), we get 
 
ffppp
eff
VkVk
SrrH
k
H
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
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
2
4
2
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             (3.13) 
From equation (3.1), H can be written as: 
3
1
3
4
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Substituting equation (3.14) in equation (3.13), we get 
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which otherwise can be written as: 
 
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f
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As per the assumption that the composite is free from voids, 
fpc
VVV                   (3.17)
 
Deducing it further in known terms, we get,  
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This can further be written as: 
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Putting the expression of respective volume in above equation and rearranging it, 
the final expression can be written as: 
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The correlation given in equation (3.20) gives the value of the effective thermal 
conductivity of the composite material filled with single filler (spherical 
inclusion) in terms of the volume fraction of the filler, its intrinsic thermal 
conductivity and the conductivity of base matrix. This correlation can be used 
for estimation of keff of any single filler polymer composite with similar 
structural arrangement. 
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3.3 Development of theoretical model: for hybrid fillers 
3.3.1 Nomenclature 
The following symbols are used for the development of a theoretical model for 
estimation of effective thermal conductivity of multi filler reinforced polymer 
composites: 
H side length of the cuboidal element perpendicular to the direction of heat flow 
2H side length of the cuboidal element in the direction of heat flow 
ra , rb radius of the spherical filler 1 and 2 respectively 
kp thermal conductivity of polymer phase 
ka , kb thermal conductivity of filler 1 and 2 respectively 
S cross-sectional area of element under study in the direction of heat flow 
Sp cross-sectional area of polymer phase in the direction of heat flow 
Sa, Sb cross-sectional area of filler 1 and 2 respectively in the direction of heat flow 
Q heat quantity flow through the cross sectional area of the element under study 
Qp heat quantity flow through the cross sectional area of polymer phase 
Qa, Qb heat quantity flow through the cross sectional area of filler 1 and 2 respectively 
Vc volume of element under study  
Vp volume of polymer phase  
Va, Vb volume of filler 1 and 2 respectively  
h1,h2,h4,h4 height of part 1,2 and 3 respectively of the element under study 
k1,k2,k3, k4 thermal conductivity of part 1,2 and 3 respectively of the element under study 
R total thermal resistance of the element under study 
R1, R2,R3, R4 thermal resistance of  part 1, 2 and 3 respectively of the element under study 
Φa, Φb volume fraction of the filler 1 and 2 respectively in the matrix 
ΔT temperature difference along the direction of heat flow 
keff effective thermal conductivity of the element under study 
 
3.3.2 Model development 
From the literature it is clear that all the models proposed in the past are 
applicable for determination of effective thermal conductivity of polymer based 
composites with single filler only and no work has so far been reported on 
developing a theoretical model for hybrid filler composites. It has been seen 
earlier that incorporation of single filler will not always be able to fulfill the 
desired property for some applications which necessitates reinforcing of more 
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than one filler (hybrid fillers) into the matrix body. Consequently, it becomes 
mandatory to make a thorough research into the heat conduction mechanism 
within such hybrid composites. The proposed model addresses these in an 
effective manner for estimating the effective thermal conductivity of composite 
material for a wide range of hybrid filler concentration.  
Heat transfer element  
Figure 3.5 shows the three-dimensional view of a particulate filled composite 
where two spherical filler particles are embedded inside a cubical arrangement 
and a single cuboidal element with two different fillers surrounded by matrix as 
shown in Figure 3.6 is chosen from it for further analysis of heat transfer 
mechanism. Figure 3.7 shows the front view of the element under study in which 
heat flows into the element from top of the element as indicated by arrow.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
From the element under study, expression for filler volume fraction can be 
expressed as follows: 
For filler 1: 
3
3
23
4
H
r
V
V
a
S
a
a



       (3.21) 
Fig 3.5 3-Dimensional view of hybrid 
filler composite                        
Fig 3.6 3-Dimensional view of 
anelement under study 
Filler 1 
Filler 2 
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For filler 2: 
3
3
23
4
H
r
V
V
b
S
b
b



       (3.22) 
 
 
 
 
 
 
 
 
Fig 3.7 Front view of heat transfer model for hybrid filler composite 
The assumptions taken to derive the mathematical correlation for estimating the 
effective thermal conductivity for hybrid filler reinforced polymer composite are 
same as those taken for single filler reinforced polymer composites. 
Heat transfer modelling  
A series model of heat conduction through the unit cell of hybrid particulate 
filled polymer composite is considered as shown in Figure 3.8. The element is 
divided into four parts, part I and part III represent the neat polymer while part II 
and part IV represent the combination of polymer matrix and two different 
spherical filler in section A and B respectively. k1, k2, k3and k4 are the mean 
conductivity coefficients of the respective parts. The thicknesses of part I and 
part III are h1 and h3 respectively, where h1=H-2raand h3 = H-2rb. Part II and 
Part IV are having thicknesses of h2 = 2raand h4 = 2rb respectively. To determine 
the effective thermal conductivity of the entire element, law of minimum thermal 
resistance and the equal law of specific thermal conductivity are followed. 
 
Q 
2H 
H 
2rb 
2ra 
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Fig 3.8 A series model of heat transfer in hybrid filler composite 
Again, the thermal radiation effect is neglected and heat transport is considered 
only because of solid thermal conduction. Also, based on the assumptions, 
thermal conductivity of each section can be calculated as follows: 
For part I and III: 
Since there is no filler present, thermal conductivity of these parts will be same 
as that of polymer matrix i.e.
 
p
h
p
k
h
dy
kkk  
1 1
31       (3.23)
 
For part II and IV: 
Taking a thin piece of thickness dy1 and dy2, applying Fourier‘s law of heat 
conduction, k2and k4are given as: 
For Part II      
S
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I
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For Part IV   
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Integrating equation (3.24) and (3.25) over the complete thickness, we get  
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For Part IV  
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Similarly, thermal resistances of the four parts are given as:
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As the series model is considered for heat transfer in the element, the effective 
thermal conductivity of composite is given by dividing the element into two 
parts and calculating its thermal conductivity individually and then combining 
them assuming a series connection. 
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For part A:   
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For part B:  
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The effective thermal conductivity of the complete composite system would then 
be given by:
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For part A:  
Substituting equations 3.28 and 3.29 in equation 3.32,  
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which can be written as,  
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From Figure 3.8 it is clear that, 
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Substituting equation 3.37 in equation 3.36,  
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From equation 3.21, H can be written as: 
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Now, substituting equation 3.39 in equation 3.38,  
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which otherwise can be written as,  
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Going by the earlier assumption that the composite is free from voids, 
bapc
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Deducing it in known terms, we get,  
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This can further be written as: 
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Putting the expressions for the respective volume terms in above equation and 
rearranging it, the final expression for part A can be written as: 
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For part B: 
By following similar procedure as for part A, the expression for the thermal 
conductivity of part B can be written as: 
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Finally substituting equations 3.45 and 3.46 in equation 3.34, 
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(3.47) 
The correlation given in equation (3.47) is thus an expression for keff of hybrid 
filler polymer composites in terms of the volume fraction of individual fillers, 
their respective intrinsic thermal conductivities and the thermal conductivity of 
the base matrix.  
Chapter Summary 
 
This chapter has presented the development of a theoretical model for estimating 
the effective thermal conductivities of polymer composites filled with one and 
more than one type of particulate fillers but since, heat transfer within a filled 
polymer involves complex mechanisms; a simplified theoretical model for such 
a process may appear inadequate unless its assessment against experimental 
results is made. So, for the validation of the proposed models, thermal 
conductivity tests on the composites with various filler concentrations are to be 
conducted.  
The next chapter presents a description of materials used for fabricating various 
composites under this study and the details of various characterization tests 
carried out on them.  
***** 
 
 
  
 
 
 
Chapter 4 
 
Materials and 
Experimental Details 
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Chapter 4 
MATERIALS AND EXPERIMENTAL DETAILS 
This chapter describes the materials used for processing and characterizing the 
composites under this investigation. It presents the details of the tests related to 
the physical, micro-structural, mechanical, thermal and dielectric 
characterization of the prepared particulate filled polymer composite specimens. 
4.1 MATERIALS 
4.1.1 Matrix Materials 
Polymers are widely employed in our everyday life due to their unique 
characteristics, such as low density, ease of forming, chemical inertness, low 
cost and often ductile nature. Polymers are broadly classified into two basic 
types, namely thermoplastics and thermosets [286]. Each of them has its own 
individual chemical characteristics based on its molecular structure.  
The makeover process from pre-polymer to final polymer represents the line of 
demarcation separating the thermosets from the thermoplastic polymers. 
Thermosetting materials are polymers that will undergo, or have undergone, a 
chemical reaction by the action of heat, a catalyst, leading to a relatively 
infusible state that will not re-melt after setting. It means that the thermosets 
can‘t be recycled. The solidification process of these plastics is known as curing. 
During the complete process of curing, the small molecules are chemically 
linked together to form complex inter-connected network structures as shown in 
Figure 4.1 (a). This cross-linking makes them rigid and prevents the slippage of 
individual chains making them generally stronger than the thermoplastics. 
Contrary to this, thermoplastic materials are polymers which are capable of 
being repeatedly softened or melted by increasing the temperature and solidified 
by decreasing the temperature. These changes are physical rather than chemical. 
The molecules are joined end-to-end into a series of long chains, each chain 
being independent of the other as shown in Figure 4.1 (b). The matrix material 
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used in present research work is a thermoset i.e. epoxy and a thermoplastic i.e. 
polypropylene. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 4.1 Molecular structures (a) thermoset polymer (b) thermoplastics polymer 
Matrix Material - 1 :( Epoxy) 
The history of epoxy began in 1947 when United States based Devoe-Raynolds 
company made commercial debut of epoxy by making first product out of it 
[287] From then, it is being used in wide variety of applications which includes 
electrical, automotive, marine, aerospace, civil infrastructure, pipes and vessels 
in the chemical industry, food packing, building material etc. Due to their low 
density and good adhesive and mechanical properties, over the years epoxy and 
its composites have become promising materials for high performance 
applications in the transportation industry. In addition, they have low shrinkage 
upon curing and good chemical resistance. 
(a) 
(b) 
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Due to several advantages over other thermoset polymers, epoxy (LY 556) is 
chosen as one of the matrix materials for the present research work. It 
chemically belongs to the ‗epoxide‘ family. Its common name is Bisphenol-A-
Diglycidyl-Ether (commonly abbreviated to DGEBA or BADGE) and its 
molecular chain structure is shown in Figure 4.2. It provides a solvent free room 
temperature curing system when it is combined with the hardener tri-ethylene-
tetramine (TETA) which is an aliphatic primary amine with commercial 
designation HY 951 (Figure 4.3).The system was chosen because of low 
viscosity before curing and the widespread use in the high voltage industry. 
 
 
 
Fig 4.2 Unmodified epoxy resin chain (‗n‘ denotes number of polymerized unit) 
 
 
 
 
Fig 4.3 Tri-ethylene-tetramine chain 
 
The term ―epoxy resin‖ refers to both the pre-polymer and its cured 
resin/hardener system. Before the epoxy gets cured, the resin has indefinite shelf 
life. Ability to transform from liquid state to hard thermoset solids is one of the 
valuable properties of epoxy resins. The solidification is accomplished by the 
addition of a chemical reagent known as a curing agent or hardener. The 
polymerization reaction may be accomplished at room temperature, with heat 
produced by an exothermic reaction or may require external heat [288]. A 
schematic representation of the curing process of a thermoset polymer is shown 
in Figure 4.4. 
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Fig 4.4 Schematic curing of epoxy matrix (a) Cure begins with monomers;       
(b) proceeds via linear growth; (c) continues with formation of incompletely 
crosslinked network; (d) finishes as fully cured thermoset. 
 
 
 
 
Fig 4.5  Epoxy resin and corresponding hardener 
 
The LY 556 epoxy resin and the corresponding hardener HY-951 are procured 
from Ciba Geigy Ltd, India (Figure 4.5). Table 4.1 provides some of the 
important properties of epoxy. 
a) b) 
c) d) 
Ph.D. Thesis 2015 
 
National Institute of Technology, Rourkela (India) Page 71 
 
Table 4.1 Some important properties of epoxy resin 
Characteristic Property Values Units 
Density 1.1 g/cm
3
 
Compressive strength 114 MPa 
Tensile strength 59
 
MPa 
Micro-hardness 0.087 GPa 
Thermal conductivity 0.363 W/m-K 
Glass transition temperature 98 
°
C 
Coefficient of thermal expansion 66.0 ppm/
°
C 
Dielectric constant 4.3 at 1MHz 
 
Matrix Material - 2 :( Polypropylene) 
A German chemist named Karl Rehn and an Italian chemist named Giulio Natta 
were the first who polymerized polypropylene in 1954. The first industrially 
produced polypropylene resins were introduced around three years later of that 
which led to a large commercial production of its product. Polypropylene (PP), 
also known as polypropene, is used in a wide variety of applications including 
packaging and labeling, textiles, stationery, laboratory equipment, loudspeakers, 
automotive components and polymer banknotes. This most widely used 
thermoplastic polymer, is another matrix material used in the present 
investigation. PP of homo-polymer M110 grade shown in Figure 4.6 is used 
presently. Its molecular formula is (C3H6)n, where n is the number of 
polymerized unit (Figure 4.7). It is used for its balanceamong strength, modulus 
and chemical resistance and its aesthetics, cost effectiveness and stability to heat 
and recyclability. PP used in the present work is procured from Reliance 
Industries Limited located in Mumbai, India.Table 4.2 provides some important 
properties of polypropylene. 
4.1.2 Filler Materials 
Filler Material -1: (Aluminium Nitride) 
Aluminium nitride,an aluminium based ceramic material is used as one of the 
filler materials and has been procured from M/s Alfa Aesar Limited-Beijing, 
China. 
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Fig 4.6 Polypropylene of grade homo-polymer M110 
 
 
Fig 4.7 Polypropylene Chain (n is the number of polymerized unit) 
 
Table 4.2 Some important properties of polypropylene resin 
Characteristic Property Values Units 
Density 0.92 g/cm
3 
Compressive strength 83 MPa 
Tensile strength 45
 
MPa 
Micro-hardness 0.059 MPa 
Thermal conductivity 0.11 W/m-K 
Glass transition temperature -14.93 
°
C 
Coefficient of thermal expansion 111.5 ppm/
°
C 
Dielectric constant 2.25 at 1MHz 
 
The average size of AlN used is about 60-70 microns.AlN is a relatively newer 
material in the familyof technical ceramics. While its discovery occurred over 
100 years ago, it has been developed into a commercially viable product with 
controlled and reproducible properties within the last 25 years. AlN powder with 
hexagonal structure  is chosen as ceramic filler because of its unique 
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combination of high thermal conductivity, good dielectric properties, low 
thermal expansion coefficient, moderate strength and non-reactive with normal 
semiconductor process chemicals and gases.A pictorial view of AlN used in the 
present work as the particulate filler is given in Figure 4.8. 
 
Filler Material -2: (Aluminium Oxide) 
Aluminium oxide (Al2O3)is the other aluminium based ceramic material that has 
been used as a filler in the present work. It is an inorganic material that can exist 
in severalcrystalline phases which all revert to the most stable hexagonal alpha 
phase at elevated temperatures.Al2O3 is the most cost effective and widely used 
material in the family of engineering ceramics. It is hard, resistant to strong acid 
and alkali attack at elevated temperatures,wear resistant and has good dielectric 
properties, high strength and stiffness. With an excellent combination of 
properties and a reasonable price, it is no surprise that fine grain technical grade 
Al2O3 has a very wide range of applications.Al2O3in the form of micro and nano-
filler in polymers has been studied by many research groups in the past. Al2O3 is 
therefore chosen as the second primary filler material with an average size of 90-
100 micron which is procured from Rankem Corporation Limited located at 
New Delhi, India.A pictorial view of Al2O3particles used in the present work is 
given in Figure 4.9. 
 
Filler Material -3: (Solid glass microspheres) 
Solid glass microspheres (SGMs) withan average size of 100 m procured from 
NICEN Limited located at Bangalore, Indiaare used as the secondary filler 
material in the present research. These microspheres are normally obtained by 
heating tiny droplets of dissolved sodium meta-silicate (Na2SiO3, commonly 
referred to as water glass or liquid glass) during ultrasonic spray pyrolysis 
process.These are made of high grade soda lime silica glass containing around 
70% of SiO2 and are usually free from lead and iron.They havelower CTE, low 
dielectric constant, high compressive strength, improved surface hardness and 
smoothness. 
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Fig 4.8 Micro-sized aluminium nitride particles 
 
 
  
Fig 4.9 Micro-sized aluminium oxide particles  
 
 
Fig 4.10 Solid glass microspheres 
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Table 4.3 Some important properties of fillers under investigation 
Characteristic Property AlN Al2O3 SGM Units 
Density 3.3 3.89 1.5  gm/cm
3
 
Compressive strength 2100 2600 330  MPa 
Tensile strength 345 394 97 MPa 
Micro-hardness 10.78 14.12 16.84 GPa 
Thermal conductivity 160 35 0.238  W/m-K 
Coefficient of thermal expansion 4.5 8.1 7.5 ppm/°C 
Dielectric constant 8.9 9.8 2.25  at 1MHz 
 
A pictorial view of glass microspheres used in the present work as the particulate 
filler is given in Figure 4.10. Some important properties of  these fillers, used in 
present investigation, are presented in Table 4.3. 
 
4.2 COMPOSITE FABRICATION 
4.2.1 Epoxy based composites - Hand lay-up route 
Hand lay-up technique is the oldest and simplest open moulding method of 
composite processing. The infrastructural requirement for this method is 
minimal and the processing steps are also quite simple. All the epoxy based 
composite samples of various compositions with different fillers are prepared by 
this hand lay-up technique in the following steps: 
1) The low temperature curing epoxy resin (LY556) and corresponding 
hardener (HY 951) are mixed in a ratio 10:1 by weight as recommended. 
2) Micro-sized particles are then added to the epoxy-hardener combination 
and mixed thoroughly by hand stirring.  
3) Before pouring the epoxy/filler mixture in the mould, a silicon spray 
(Figure 4.11 a) is done over the mould reliving sheet (Figure 4.11 b). The 
use of relieving sheet and silicon spray enables the easy removal of 
composites from the mould after curing. The uniformly mixed dough is 
then slowly decanted into the moulds (Figure 4.12) so as to get disc type 
specimens of three different dimensions (dia50 mm and thickness 3 mm, 
dia 20 mm and thickness 1 mm and dia 12.7 mm and thickness 25.4 mm) 
and rectangular slab specimens (200×200 in area and thickness 3 mm). 
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Fig 4.12 Different moulds used  
to fabricate epoxy based composites 
Fig 4.13 Fabricated epoxy based 
composites from various moulds 
 
 
 
 
  
Fig 4.14 Particulate filled epoxy composite fabrication by hand lay-up process 
 
  
Fig 4.11 (a) Silicon spray, (b) Mould relieving sheet 
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4) The cast of each composite is cured for 24 hours before it is removed 
from the mould. Disc type specimens are used for evaluating effective 
thermal conductivity, dielectric constant and compressive strength 
whereas, for rest of the characterization tests, specimens of required 
dimensions are cut from the rectangular composite slabs. 
Figure 4.13 shows some of these composite samples prepared through hand-
layup technique. A pictorial representation of fabrication process using hand-
layup technique for particulate filled epoxy composites is shown in Figure 
4.14.The compositions of various composites fabricated using epoxy as the base 
matrices are presented in Table 4.4. 
Table 4.4 Epoxy based composites filled with different inorganic fillers 
 
S.No. Set I Set II Set III Set IV 
1 EP + 2.5 vol% 
AlN 
EP + 2.5 vol% 
Al2O3 
EP + 5.0 vol% AlN 
+ 5.0 vol% SGM  
 
EP + 5.0 vol% Al2O3 
+ 5.0 vol% SGM  
 
2 EP + 5.0 vol% 
AlN 
EP + 5.0 vol% 
Al2O3 
 
EP + 10.0 vol% AlN  
+ 10.0 vol% SGM  
 
 
EP + 10.0 vol% Al2O3 
+ 10.0 vol% SGM  
 
3 EP + 7.5 vol% 
AlN 
EP + 7.5 vol% 
Al2O3 
4 EP + 10.0 vol% 
AlN 
EP + 10.0 vol% 
Al2O3 
 
EP + 15.0 vol% AlN  
+ 15.0 vol% SGM  
 
 
EP + 15.0 vol% Al2O3 
+ 15.0 vol% SGM  
 
5 EP + 12.5 vol% 
AlN 
EP + 12.5 vol% 
Al2O3 
6 EP + 15.0 vol% 
AlN 
EP + 15.0 vol% 
Al2O3 
 
EP + 5.0 vol% AlN  
+ 10.0 vol% SGM  
 
 
EP + 5.0 vol% Al2O3 
+ 10.0 vol% SGM  
 7 EP + 17.5 vol% 
AlN 
EP + 17.5 vol% 
Al2O3 
8 EP + 20.0 vol% 
AlN 
EP + 20.0 vol% 
Al2O3 
 
EP + 15.0 vol% AlN  
+ 10.0 vol% SGM  
 
 
EP + 15.0 vol% Al2O3 
+ 10.0 vol% SGM  
 9 EP + 22.5 vol% 
AlN 
EP + 22.5 vol% 
Al2O3 
10 EP + 25.0 vol% 
AlN 
EP + 25.0 vol% 
Al2O3 
EP + 20.0 vol% AlN 
 + 10.0 vol% SGM  
EP + 20.0 vol% Al2O3 
+ 10.0 vol% SGM 
* EP: Epoxy, SGM: Solid Glass Micro-spheres 
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4.3.2 Polypropylene based composites - Compression moulding route 
In present study, PP based composites are fabricated by compression moulding 
route, but prior to that, proper mixing of filler with resin is necessary. Most of 
the melt compounding is performed using a miniaturized internal batch mixer 
(Haake Rheomix 600), a pictorial view of which is given in Figure 4.15. It 
consists of a mixing head with a pair of sigma blades for mixing the materials.  
 
The mixing head consists of three important components used for mixing: 
1) A small feed port that is used for feeding the materials, 
2) A mixing chamber for mixing the batch,  
3) The blades that shear the material.  
 
The blades are mainly designed for mixing and homogenizing highly viscous 
materials. These blades rotate in opposite directions which cause the materials to 
shear. The rated maximum volume of this batch mixer is 70 cm
3
. In practice, a 
batch of about 50 cm
3
 can be loaded into the mixing head to avoid overloading.  
Haake Rheomix 600 is controlled by software called Polylab
TM
, which records 
the torque, temperature and time during mixing as well as the speed of the 
rotating blades. Torque vs time graph typically shows that the torque increases 
as the material is sheared and it gradually decreases once the required amount of 
mixing is attained within the specified time. The temperature of the mixing 
chamber is set to 190
°
C and time of the mixing is 12 minutes in the present case. 
The shearing action provides the major portion of heating to the mixing 
chamber. Once the mixing time is reached, the mixer is stopped. The mixing 
head is then removed and the batch is scraped off and collected. These mixtures 
are again oven dried at 130°C for 1 hour to remove any moisture. These small 
pieces of materials are then taken out from the hot air oven and kept in 
compression moulding die. The pictorial view and specifications of compression 
moulding machine are presented in Figure 4.16 and Table 4.5 respectively. The 
dimension of the sheet produced from the die is of 3 mm thickness and 180×180 
mm in area. By using a hydraulic press (Figure 4.16), the material is pressed 
with a pressure of 150 kg/cm
2 
for around three minutes.  
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Fig 4.15 Haake Rheomix 600 batch mixer Fig 4.16 Compression moulding machine 
  
 
Fig 4.17 Composite sheets prepared by compression moulding machine 
 
 
During the process, the temperature of the compression moulding die is 
maintained at 190
°
C with the help of heaters. After that it gets water cooled and 
the sheet (Figure 4.17) is taken out from the die. From this sheet, specimens of 
required dimensions for various mechanical, thermal and dielectric 
characterizations are obtained through machining. The compositions of various 
composites fabricated using polypropylene as the base matrices are presented in 
Table 4.6. 
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Table 4.5   COMPRESSION MOULDING (Hydraulic press) Instruments details 
Make: M/S Neoplast Engineering Pvt. Ltd., India 
Model No.: HP 80 T 
Test methods: ASTM-D 695 
Specification: 
Capacity: 80 Ton to develop pressure upto 150 kg/cm
2
 
Temperature: Ambient to 450°C 
Timer: LED 0.01 sec, 999 hours (digital) 
Heat plate area: 320 mm × 320 mm (mild steel) 
Specimen plate area: 180 mm × 180 mm (SS) 
Cooling method: Water circulation 
Power supply: 440V AC, 3 Phase 
Specimen frame: 1mm, 3mm, 1.5mm, SS304, Cooling/heating in mould 
Accuracy:   Temperature: + 0.10C, Sheet thickness + 0.01mm 
Application:  Powder/granules compaction, To prepare plastic sheet 
 
Table 4.6Polypropylene based composites filled with different inorganic fillers 
S.No. Set I Set II Set III Set IV 
1 
PP + 2.5 vol% 
AlN 
PP + 2.5 vol% 
Al2O3 
PP+ 5.0 vol% AlN  
+ 5.0 vol% SGM  
 
PP+ 5.0 vol% Al2O3 
+ 5.0 vol% SGM  
 
2 PP + 5.0 vol% 
AlN 
PP + 5.0 vol% 
Al2O3 
 
PP+ 10.0 vol% AlN  
+ 10.0 vol% SGM  
 
 
PP+ 10.0 vol% Al2O3 
+ 10.0 vol% SGM  
 
3 PP + 7.5 vol% 
AlN 
PP + 7.5 vol% 
Al2O3 
4 PP + 10.0 vol% 
AlN 
PP + 10.0 vol% 
Al2O3 
 
PP+ 15.0 vol% AlN  
+ 15.0 vol% SGM  
 
 
PP+ 15.0 vol% Al2O3 
+ 15.0 vol% SGM  
 
5 PP + 12.5 vol% 
AlN 
PP + 12.5 vol% 
Al2O3 
6 PP + 15.0 vol% 
AlN 
PP + 15.0 vol% 
Al2O3 
 
PP+ 5.0 vol% AlN  
+ 10.0 vol% SGM  
 
 
PP+ 5.0 vol% Al2O3 
+ 10.0 vol% SGM  
 7 PP + 17.5 vol% 
AlN 
PP + 17.5 vol% 
Al2O3 
8 PP + 20.0 vol% 
AlN 
PP + 20.0 vol% 
Al2O3 
 
PP+ 15.0 vol% AlN  
+ 10.0 vol% SGM  
 
 
PP+ 15.0 vol% Al2O3 
+ 10.0 vol% SGM  
 9 PP + 22.5 vol% 
AlN 
PP + 22.5 vol% 
Al2O3 
10 PP + 25.0 vol% 
AlN 
PP + 25.0 vol% 
Al2O3 
PP+ 20.0 vol% AlN 
+ 10.0 vol% SGM  
 
PP+ 20.0 vol% Al2O3 
+ 10.0 vol% SGM  
 
*PP: Polypropylene, SGM: Solid Glass Micro-spheres 
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4.3 PHYSICAL CHARACTERIZATION 
4.3.1 Density and volume fraction of voids 
Polymers are well known for their low density and high strength to weight ratio. 
The addition of filler into polymer improves many useful properties, but at the 
same time it gives rise to certain complex phenomena as well, like percentage of 
voids present and/or changes in weight of the filled product, which ultimately 
influence its density. As in the present case, the densities of all the fillers are 
higher than those of the polymers used, it becomes imperative to make an 
assessment of the increase in the overall densities of the composites.  
The actual density (ρce) of composites is determined by the Archimedes principle 
using distilled water as a medium (ASTM D 792-91).  According to this 
principle, when an object is immersed in a liquid the apparent loss of weight of 
an object is equal to the upthrust and this is also equal to the weight of the liquid 
displaced. Therefore if density of the liquid is known and the volume of the 
liquid displaced is measured, the apparent loss of weight is calculated and hence 
density of the composite is obtained by using equation 4.1, 
wa
aw
ce
WW
W



         (4.1) 
Here ρce is the actual/measured density of composite, ρw is the density of distilled 
water, Wa is weight of sample in air and Ww is weight of sample in water. The 
theoretical density (ρct) of composite materials in terms of volume fractions of 
different constituents can easily be obtained using rule of mixture [118]. 
 
pfffct
  1        (4.2)             
where, Φ and ρrepresent the volume fraction and density respectively. The 
suffixes f and p stand for the filler and polymer respectively in a composite 
reinforced with single filler. 
For hybrid filler composite, the above expression for density has been modified 
as:   
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  
p
babbaact
  1      (4.3)                                                            
where, the suffix a and  b stand  for the first and second filler respectively.  
The volume fraction of voids (Vv) in the composites is calculated by using the 
following equation:  
 
ctcectv
V          (4.4) 
4.3.2 Scanning Electron Microscopy 
The surface morphology of the particulate reinforced composites together with 
the dispersion characteristics of the fillers in the matrix body have been studied 
using a scanning electron microscope JEOL JSM-6480LV (Figure 4.18).  The 
composite samples are mounted on stubs with silver paste. To improve the 
penetration of light and for better surface micrographs, thermal conductivity of 
the samples are enhanced by vacuum-evaporated a thin film of platinum onto 
them before the photomicrographs are taken. 
4.4 MECHANICAL CHARACTERIZATION 
4.4.1Micro-hardness 
Micro-hardness measurement is done using a Leitz micro-hardness tester (Figure 
4.19). A diamond indenter, in the form of a right pyramid with a square base and 
an angle 136° between opposite faces, is forced into the material under a load F. 
The two diagonals X and Y of the indentation left on the surface of the material 
after removal of the load are measured and their arithmetic mean is calculated. In 
the present study, the load considered F= 0.2454 N and micro-hardness value is 
calculated using the following equation.  
2
1889.0
L
F
H
v
         (4.5) 
where, 
2
YX
L

  
where, F is the applied load (N), L is the diagonal of square impression (mm), X 
is the horizontal length (mm) and Y is the vertical length (mm). 
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Fig 4.18 Scanning electron microscope (JEOL JSM-6480LV) 
 
 
 
Fig 4.19 Leitz micro-hardness tester 
  
4.4.2Tensile strength 
One of the most important and widely measured properties of any composite 
material is its tensile strength i.e., the ability of a material to resist breaking 
under tensile load. The tensile strength of the composites is measured with a 
computerized Instron 1195 universal testing machine (Figure 4.20) in 
accordance with ASTM D 3039-76 procedure by applying uni-axial load through 
both the ends at a cross head speed of 10mm/min.  
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Fig 4.20 Instron 1195 universal testing machine  
 
  
Figure 4.21 Composite samples for tensile test and its loading arrangement 
 
  
Figure 4.22 Composite samples for compression test and its loading 
arrangement 
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The specimens used in present investigation to perform all the tensile tests are of 
dog-bone shape (length 150mm, end width 20mm and mid width 12 mm) having 
both the surface flat and its loading arrangement is shown in Figure 4.21. 
Bluehill material testing software is used which allows setting the desired test 
control, to automatically calculate the desired results and statistics, and to 
produce a test report. Tests are repeated three times for each composition and the 
mean value is reported as the tensile strength of that composite. 
4.4.3 Compressive strength 
In addition to tensile testing, another common form of determining the material 
properties of plastic (both unreinforced and reinforced) is by compression 
testing. This test is useful for determining the modulus of elasticity, yield 
stress, compressive strength, and the deformation beyond yield point. Static uni-
axial compression tests on specimens are carried out using the same Universal 
Testing Machine Instron 1195 (Figure 4.20). For performing the test, two 50mm 
diameter hardened-steel compression platens are mounted on this  testing 
machine with compression fixture and a strain measuring device such as 
extensometer is attached directly to the specimen. Bluehill material testing 
software is used again. The method by which the compression test is conducted 
is in accordance with ASTM D695 [289].Specimens used for this testing can 
either be blocks or cylinders. The typical cylinder blocks used for these tests are 
12.7 mm in diameter and 25.4 mm in length.  The standard requires that the 
specimen is compressively loaded at a rate of 5 mm/min until fracture. Prior to 
testing, it is ensured that all specimens are made to the sizes specified in the 
standard and are free from visible surface flaws. The specimens used in present 
investigation to perform the compressive tests and its loading arrangement are 
shown in Figure 4.22. Three identical specimens are tested for each composition 
and the average test result is recorded as the compressive strength of the 
composite.   
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4.5 THERMAL CHARACTERIZATION 
4.5.1 Effective thermal conductivity 
Equipment used: 
Unitherm Model 2022 thermal conductivity tester (Figure 4.23). 
 
Scope: 
Thermal conductivity values are used to measure heat flow through a material. It 
is the measure of resistance of materials to thermal transmission. The test 
method is utilized for various materials of a representative thickness, which 
include polymers, glasses, ceramics, rubbers, composites, few metals and other 
materials with medium to low thermal conductivity.  
 
Test procedure: 
The specimen is placed in the thermal conductivity equipment at a specified 
temperature and a compressive load is applied. The lower surface is part of a 
calibrated heat flow transducer. The heat flows from the upper surface, through 
the sample, to the lower surface, establishing an axial temperature gradient in the 
stack. After certain time, thermal equilibrium is obtained. The temperature and 
output of the heat flux transducer are recorded. Testing is performed following 
ASTM E1530 standards for evaluating the resistance to thermal transmission of 
materials by the guarded heat flow meter technique. 
 
Specimen size: 
For solid plastic materials, normally 50 mm diameter disks are required. The 
thickness range is 0.5mm to 25mm using the standard setup and below 0.5mm 
using thin film stacking method as per ASTM E1530. In present case, the sample 
is in solid state and so discs of 50 mm diameter and 3 mm thickness are used.  
 
Operating Principle of Unitherm
TM
Model 2022 
For one-dimension heat flow, the equation is given as: 
x
TT
kAQ
21

         (4.6) 
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where, Q is the heat flux (W), A is the cross-sectional area (m
2
), k is thermal 
conductivity (W/m-K), x is the sample thickness (m), T1 – T2 is the temperature 
difference between surfaces (°C or K). 
 
 
 
Fig 4.23 Thermal conductivity tester Unitherm
TM
 2022 
 
 
 
Fig 4.24 Perkin Elmer DSC-7 Thermal Mechanical Analyzer 
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The thermal resistance of the sample is given as:  
Q
TT
R
21

          (4.7) 
where, R is sample resistance between hot and cold surfaces (K / W) 
From the former equation, we can write: 
RA
x
k           (4.8) 
In Unitherm
TM
 2022, transducers are employed to measure the heat flux Q and 
temperature difference between upper and lower plate. Thus, thermal resistance 
between surfaces can be evaluated. Providing thickness and cross-sectional area 
as input parameters, the sample thermal conductivity can then be calculated. 
 
4.5.2 Thermal Mechanical Analyzer 
Glass transition temperature (Tg) is the temperature at which the mechanical 
properties of amorphous polymer changes from the brittle state to a rubbery 
state. The most important property change at the Tg of the printed circuit board 
(PCB) materials is the thermal expansion, which is a swift from a relative low 
value to a very high value. This kind of change is not desirable as it imposes 
stress on the PCBs when they experience high-temperatures during 
manufacturing, assembly or during their service-life. Similarly, coefficient of 
thermal expansion (CTE) is another vital property which needs proper 
understanding. A material with high CTE will induce stress within the 
component. A low CTE is therefore preferable. In the present work, Tg and CTE 
of the composites are measured with a Perkin Elmer DSC-7 Thermal 
Mechanical Analyzer (Figure 4.24). At first, the thermal mechanical analyzer 
sample stage is purged with nitrogen gas. The sample length is set between 6-8 
mm and the width and thickness is about 2-3 mm. During the measurement, the 
specimen is heated from 30 to 150°C at a heating rate of 5°C/min. For each 
measurement, two heating scans are used. The first heating scan is used to 
eliminate any possible internal stress and moisture in the sample which is likely 
to be generated during the curing and sample preparation processes. The second 
heating scan is used to determine the Tg and CTE of the material.  
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4.6 DIELECTRIC CHARACTERIZATION 
A dielectric is an electrical insulator that can be polarized by an applied electric 
field. When a dielectric is placed in an electric field, electric charges do not flow 
through the material as they do in a conductor, but only slightly shift from their 
average equilibrium positions causing dielectric polarization. Because of this 
polarization, positive charges are displaced towards the field and negative 
charges shift in the opposite direction. This creates an internal electric field 
which reduces the overall field within the dielectric itself.  The term insulator is 
generally used to indicate electrical obstruction while the term dielectric is used 
to indicate the energy storing capacity of the material.  
 
Using Hioki 3532-50 Hi - Tester LCR Analyzer with applied voltage of 500 mV, 
the dielectric constant (ɛc), in frequency range 1 kHz – 1 MHz can be calculated 
from capacitance by: 
A
Ct
c
0

          (4.9) 
where, C is the capacitance, t is the thickness of disc, 0is the electrical 
permittivity of free space and A is the disc area. 
 
 
 
 
 
 
 
Fig 4.25 Hioki 3532-50 LCR Hi tester 
 
Fig 4.26 Aluminium foil wrapped test 
samples for dielectric test 
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Figure 4.25 gives the pictorial view of Hioki 3532-50 Hi - Tester LCR Analyzer 
used in the present work for the measurement of dielectric constant. Disc type 
samples (Figure 4.26) with both surfaces wrapped with aluminium foil are used 
for this purpose.  
 
Chapter Summary 
This chapter has provided: 
The descriptions of materials (matrices and fillers) used in this research. 
The details of fabrication of the composites. 
The details of physical, mechanical, thermal and dielectric characterization 
tests. 
The next chapter presents the test results related to the physical and mechanical 
properties of the polymer composites under this study. 
 
***** 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
Chapter 5 
 
Results and Discussion – I 
Physical and Mechanical 
Characteristics of the 
Composites 
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Chapter 5  
Results and Discussion – I 
PHYSICAL AND MECHANICAL 
CHARACTERISTICS OF THE COMPOSITES 
This chapter presents the measured values of various physical and mechanical 
properties of the epoxy and polypropylene based single and hybrid filler 
composites. The relative effects of different filler materials on composite 
properties have been discussed. This part of the thesis also presents the scanning 
electron micrographs showing some typical micro-structural features of the 
composites under study.   
5.1 PHYSICAL CHARACTERISTICS 
Evaluation of the physical properties of any new composite system is essential 
both from the viewpoints of scientific understanding and practical applications. 
In the present work, a property data has been generated by conducting 
characterization tests under controlled laboratory conditions to evaluate physical 
property i.e. density and also the morphology of fabricated composites.  
5.1.1 Density and void content 
The densities of unfilled epoxy and PP resins measured by Archimedes method 
are found to be 1.1 g/cm
3
 and 0.92 g/cm
3
 respectively. Further, the densities of 
their composites are also measured by the same principle. The test results and 
the theoretical density along with the corresponding void content for single filler 
reinforced epoxy and polypropylene based composites are presented in Tables 
5.1 and 5.2 respectively and for hybrid filler reinforced epoxy and polypropylene 
based composites are presented in Tables 5.3 and 5.4 respectively. It is seen that 
the density of all the sets of composites increases with increase in filler content 
as expected due to the fact that the densities of fillers used in this work are 
higher than those of the base matrices. It can also be noted from all the tables 
that the theoretically calculated density values are higher as compared to the 
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measured values. The reason for this is, while calculating the density using 
equation 4.2; it has been presumed that the composites are free from voids and 
defects, while in actual practice, fabrication of composites inevitably gives rise 
to a certain amount of voids/pores within the composite body. 
Table 5.1 Measured and theoretical densities of the composites  
(Epoxy filled with single filler) 
 
Filler 
content 
(Vol%) 
Epoxy/AlN 
 
Epoxy/Al2O3 
Density (g/cm
3
) Void 
content
(%) 
Density (g/cm
3
) Void 
content 
(%) Theoretical Measured Theoretical Measured 
5 1.21 1.17 3.30 1.239 1.20 3.15 
10 1.32 1.27 3.78 1.379 1.33 3.55 
15 1.43 1.37 4.19 1.518 1.46 3.82 
20 1.54 1.43 7.14 1.658 1.57 5.30 
25 1.65 1.50 9.09 1.797 1.68 6.51 
 
 
Table 5.2 Measured and theoretical densities of the composites  
(Polypropylene filled with single filler) 
 
Filler 
content 
(Vol%) 
Polypropylene/AlN  Polypropylene/Al2O3 
 
 Density (g/cm
3
) Void 
content 
(%) 
Density (g/cm
3
) Void 
content 
(%) Theoretical Measured Theoretical Measured 
5 1.039 1.03 0.86 1.068 1.06 0.75 
10 1.158 1.14 1.55 1.217 1.19 2.21 
15 1.277 1.25 2.12 1.365 1.33 2.56 
20 1.396 1.35 3.29 1.514 1.46 3.56 
25 1.515 1.44 4.95 1.662 1.59 4.33 
 
It is found that with the increase in micro-sized AlN content in epoxy resin from 
0 to 25 vol% (Set I Epoxy composites), there is an increase in density of the 
composite by 36.36% and simultaneous increase in porosity by 9.09%. 
Similarly, for Set II epoxy composites, rise in composite density by about 52.7% 
is recorded as the Al2O3 content in epoxy increased from 0 to 25 vol% whereas 
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void content reaches 6.51% (Table 5.1). For the PP-AlN (Set I PP composites) 
and PP-Al2O3 (Set II PP composites) composites with filler content of 25 vol%, 
the density increases by 56.52% and 72.82% respectively whereas void contents 
are restricted to 4.95% and 4.33% respectively (Table 5.2). 
Table 5.3 Measured and theoretical densities of the composites  
(Epoxy filled with hybrid filler) 
Epoxy + AlN + SGM Epoxy + Al2O3 + SGM 
 
Compositions 
 
Density (g/cm
3
) Void 
content 
(%) 
 
Compositions 
 
Density (g/cm
3
) Void 
content 
(%) 
 
Theoretical 
 
Measured 
 
Theoretical 
 
Measured 
EP  
+ 5 vol %AlN  
+ 5 vol % SGM  
 
1.23 
 
1.21 
 
 
1.62 
EP  
+ 5 vol %Al2O3 
+ 5 vol %SGM  
 
1.26 
 
1.24 
 
 
1.58 
EP 
+ 10 vol %AlN  
+ 10 vol % SGM 
 
1.36 
 
1.32 
 
2.94 
 
 
EP 
+ 10 vol %Al2O3 
+ 10 vol % SGM 
 
1.42 
 
1.39 
 
2.11 
EP 
+ 15 vol % AlN  
+ 15 vol % SGM  
 
1.49 
 
1.43 
 
4.02 
EP 
+ 15 vol % Al2O3 
+ 15 vol % SGM  
 
1.578 
 
1.53 
 
3.04 
EP 
+ 5 vol % AlN  
+10 vol % SGM  
 
1.25 
 
1.23 
 
1.60 
EP  
+ 5 vol % Al2O3 
+10 vol % SGM  
 
1.279 
 
1.26 
 
1.48 
EP  
+ 15 vol %  AlN  
+ 10 vol %SGM  
 
1.47 
 
1.42 
 
3.40 
EP  
+ 15 vol %  Al2O3 
+ 10 vol %SGM  
 
1.558 
 
1.52 
 
2.44 
EP  
+ 20 vol % AlN  
+ 10 vol % SGM  
 
1.58 
 
1.49 
 
5.69 
EP  
+ 20 vol % Al2O3 
+ 10 vol % SGM  
 
1.698 
 
1.62 
 
4.59 
 
* EP: Epoxy, SGM: Solid Glass Micro-spheres 
For multi filler composites, when AlN or Al2O3 is premixed with SGM and 
reinforced in matrix body, density of matrix increases with the volume fraction 
of either of the filler. For Epoxy Set III composites, when epoxy is reinforced 
with AlN and SGM, the maximum density reaches 1.49 g/cm
3
 with a void 
content of 5.69 % for 20 vol% of AlN and 10 vol% of SGM. For Epoxy Set IV 
composites, with 20 vol% Al2O3 and 10 vol% SGM, density of epoxy reaches to 
still higher value of 1.62 g/cm
3
 whereas, void becomes 4.59 % (Table 5.3).  
Similar is the case with PP based hybrid composites. As for PP Set III 
composites, reinforcement of 20 vol% AlN and 10 vol% SGM enhances the 
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density of PP to 1.41 g/cm
3 
and void content to 3.02 %, whereas for PP Set IV 
composites, 20 vol % of Al2O3 and 10 vol % SGM enhances the density to 1.53 
g/cm
3
, though void content remains relatively lower i.e. 2.67 % (Table 5.4). It is 
interesting to note that the volume fraction of voids decreases appreciably for 
hybrid composites as compared to the single filler composites. This may be 
attributed to the inclusion of glass microspheres which fill the voids created by 
the ceramics to a great extent.   
Table 5.4 Measured and theoretical densities of the composites  
(Polypropylene filled with hybrid filler) 
PP + AlN + SGM PP + Al2O3 + SGM 
 
Compositions 
 
Density (g/cm
3
) Void 
content 
(%) 
 
Compositions 
 
Density (g/cm
3
) Void 
content 
(%) 
 
Theoretical 
 
Measured 
 
Theoretical 
 
Measured 
PP  
+ 5 vol %AlN  
+ 5 vol % SGM  
 
1.068 
 
1.06 
 
 
0.74 
PP 
+ 5 vol %Al2O3 
+ 5 vol %SGM  
 
1.097 
 
1.09 
 
 
0.63 
PP 
+ 10 vol %AlN  
+ 10 vol % SGM 
 
1.216 
 
1.20 
 
1.31 
 
 
PP 
+ 10 vol %Al2O3 
+ 10 vol % SGM 
 
1.275 
 
1.26 
 
1.17 
PP  
+ 15 vol % AlN  
+ 15 vol % SGM  
 
1.364 
 
1.34 
 
1.75 
PP 
+ 15 vol % Al2O3 
+ 15 vol % SGM  
 
1.45 
 
1.43 
 
1.37 
PP 
+ 5 vol % AlN  
+10 vol % SGM  
 
1.097 
 
1.09 
 
0.63 
PP 
+ 5 vol % Al2O3 
+10 vol % SGM  
 
1.126 
 
1.12 
 
0.53 
PP 
+ 15 vol %  AlN  
+ 10 vol % SGM  
 
1.335 
 
1.31 
 
1.87 
PP 
+ 15 vol %  Al2O3 
+ 10 vol %SGM  
 
1.423 
 
1.40 
 
1.61 
PP 
+ 20 vol % AlN  
+ 10 vol % SGM  
 
1.454 
 
1.41 
 
3.02 
PP 
+ 20 vol % Al2O3 
+ 10 vol % SGM  
 
1.572 
 
1.53 
 
2.67 
 
* PP: Polypropylene, SGM: Solid Glass Micro-spheres 
It is well-known that the voids are the cause for the difference between the 
measured density and the theoretically calculated ones. The voids significantly 
affect some of the mechanical properties and even the performance of 
composites in the workplace. Higher void content usually means lower fatigue 
resistance and greater susceptibility to water penetration. It is understandable 
that a good composite should have fewer voids. It can also be seen from the 
tables that for low volume fraction of filler, the calculated density and the 
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measured density are in good agreement with each other, but as the filler content 
is increasing, the deviation between the theoretical and experimental value 
increases. Also, for same volume fraction of filler, composite with AlN as filler 
contain more percentage of voids as compare to Al2O3 as filler.The possible 
reason is that AlN is having affinity towards moisture, so because of this, AlN 
particles try to form clusters in few parts of composites, due to which non-
uniform distribution of particle inside the matrix occurs and often gives rise to 
greater percentage of voids. 
It is again noteworthy that the volume fractions of voids in the thermoset 
composites are more than those in the thermoplastic composites irrespective of 
the filler content.  This can be attributed to the routes adopted for fabricating 
these two different classes of composites. Compression moulding has always 
been more effective than hand lay-up technique as far as the uniformity of 
particle dispersion and void formation are concerned. In hand lay-up route, 
formation of pores and voids becomes inevitable whereas in compression 
moulding the possibility of voids is usually much less. 
5.1.2   Morphology 
It is well known that the properties of the composites are strongly affected by the 
compatibility between the organic matrix and inorganic filler phase. In order to 
assess this filler-matrix interaction, geometry of the filler particles and their 
dispersion in the matrix body, the particulates and the composites are observed 
under scanning electron microscope (SEM). Figure 5.1 shows typical SEM 
images of various fillers used in the present work. These micrographs confirm 
the spherical shape of the fillers used as reinforcement in the matrix body. It is 
clear from the image that the average particle size of AlN particle is 60-80 
micron, Al2O3 is around of 90-100micron and that of SGM is of 100 microns. 
Figure 5.2 shows the morphologies of cross-section of composites reinforced 
with single fillers i.e AlN/Al2O3. Figure 5.2 (a) and 5.2 (b) are for epoxy/AlN 
and epoxy/Al2O3 composites respectively whereas; Figure 5.2 (c) and 5.2 (d) are 
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for PP/AlN and PP/Al2O3 composites respectively. All the micrographs are taken 
for composites with filler content of 25 vol%. 
 
 
 
(a)  (b) 
 
(c) 
Fig. 5.1 SEM images of fillers (a) micro-sized aluminium nitride,  
(b) micro-sized aluminium oxide (c) solid glass microspheres 
From the figures it is clear that the distributions of micro size particles in epoxy 
and PP resin for the fabricated samples are more of less uniform. It can also be 
observed from SEM images that further increase of filler content in matrix 
material beyond 25% volume fraction is quite difficult task, as increase in filler 
content reduces the inter particle distance upto the limit that particles start to 
interfere with each other, which may degrade the properties of filler as well as of 
the composite. Increasing filler content beyond this may raise a problem of 
improper wetting which would make the composite formation near impossible. 
Also, the degree of particle dispersion is different for composites of epoxy and 
PP because of the difference in their respective fabrication routes. PP composites 
are fabricated by compression moulding technique in which the mixing is done 
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by batch-mixer Rheomix 600 whereas epoxy composites are fabricated by hand 
lay-up technique. 
 
 
 
(a)  (b) 
 
 
 
(c)  (d) 
Fig. 5.2 Typical SEM images of single filler polymer composites (a) 
Epoxy/AlN, (b) Epoxy/Al2O3, (c) Polypropylene/AlN, (d) Polypropylene/Al2O3 
5.2   MECHANICAL CHARACTERISTICS 
Evaluation of strength and other mechanical properties of any new composites 
are essential from research as well as functionality point of view. In the present 
work, a wealth of property data has been generated by conducting different 
characterization tests under controlled laboratory conditions to evaluate some of 
the mechanical characteristics of composites fabricated for this work. The 
property values of single as well as hybrid filler composites are presented below. 
5.2.1 Micro-hardness 
Hardness is the ability of the material to resist indentation and is considered as 
one of the most important characteristic features of any multi-component 
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composite system. In the present work, micro-hardness values are measured and 
the test results for all the fabricated epoxy and PP based composites are 
presented in Tables 5.5 and 5.6 respectively. It is evident from the tables that 
with addition of fillers, micro-hardness of the composites improved irrespective 
of the matrix and filler type and this improvement is mainly a function of the 
filler content. For Set I epoxy composites, with addition of 25 vol% of AlN, the 
micro-hardness of epoxy improves from 0.087 GPa to 0.278 GPa which 
indicates an enhancement of about 220 % whereas, for Set II epoxy composites, 
25 vol% of Al2O3 improves the micro-hardness of epoxy by about 280 % i.e. to 
0.331 GPa. It can be seen that, with Al2O3 as the filler material, hardness of the 
polymers increases to greater extent as compared to its counterpart AlN which 
can be attributed to the obvious reason that Al2O3 is harder than AlN.  
As far as the hybrid filler composites considered in this work are concerned, the 
mean micro-hardness values of the epoxy composites exhibit improved hardness 
not only with the increase in the content of AlN/Al2O3, but also with increasing 
SGM content. In fact, it is seen that the incorporation of SGM with either of the 
fillers in epoxy results in sharp increase in its micro-hardness value which is 
obvious because of very high hardness value of SGM. For the Set III epoxy 
composites, the maximum hardness is obtained for reinforcement of 15 vol% 
AlN and 15 vol% SGM.  In this case, the hardness value reaches 0.385 GPa 
which is around 342 % more than that of neat epoxy. For the Set IV epoxy 
composites, this value goes further high and an improvement of about 380% is 
obtained i.e. micro-hardness value reaches 0.419 GPa, when 15 vol % Al2O3and 
15 vol% SGM are reinforced in epoxy matrix (Table 5.5).  
Similarly, for the Set I PP composites, micro-hardness of PP (0.059 GPa) is 
found to be increased by about 250% and reach a value of 0.208 GPa when 25 
vol% of AlN is added. This increment is about 325% i.e. hardness reaches 0.252 
GPa when 25 vol% of Al2O3 is added (Set II PP composites). Likewise, for the 
Set III PP composites the maximum micro-hardness value is obtained when a 
mixture of 15 vol% AlN and 15 vol% SGM is reinforced.  In this case, the 
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composite micro-hardness value reaches 0.319GPa which is around 440% higher 
than that of neat PP.  
Table 5.5 Micro-hardness of epoxy based composites  
Single Filler Hybrid Filler 
Filler 
content 
(vol %) 
Micro hardness 
(GPa) 
 
Composition 
Micro 
hardness 
(GPa) 
 
Composition 
Micro 
hardness 
(GPa) EP/AlN EP/Al2O3 
 
0 
 
0.087 
 
0.087 
EP + 5 vol % AlN 
+ 5 vol % SGM 
 
0.167 
EP + 5 vol % Al2O3 
+ 5 vol % SGM 
 
0.186 
 
5 
 
0.118 
 
0.138 
EP + 10 vol % AlN 
+ 10 vol % SGM 
 
0.274 
EP + 10 vol % Al2O3 
+ 10 vol % SGM 
 
0.298 
 
10 
 
0.146 
 
0.179 
EP + 15 vol % AlN 
+ 15 vol % SGM 
 
0.385 
EP + 15 vol % Al2O3 
+ 15 vol % SGM 
 
0.419 
 
15 
 
0.182 
 
0.218 
EP + 5 vol % AlN 
+ 10 vol % SGM 
 
0.246 
EP + 5 vol % Al2O3 
+ 10 vol % SGM 
 
0.271 
 
20 
 
0.226 
 
0.274 
EP + 15 vol % AlN 
+ 10 vol % SGM 
 
0.318 
EP + 15 vol % Al2O3 
 + 10 vol % SGM 
 
0.343 
 
25 
 
0.278 
 
0.331 
EP + 10 vol % AlN 
+ 10 vol % SGM 
 
0.362 
EP + 20 vol % Al2O3 
+ 10 vol % SGM 
 
0.391 
 
* EP: Epoxy, SGM: Solid Glass Micro-spheres 
Table 5.6 Micro-hardness of polypropylene based composites  
 
Single Filler Hybrid Filler 
Filler 
content 
(vol %) 
Micro hardness 
(GPa) 
 
Composition 
Micro 
hardness 
(GPa) 
 
Composition 
Micro 
hardness 
(GPa) PP/AlN PP/Al2O3 
 
0 
 
0.059 
 
0.059 
PP + 5 vol % AlN 
+ 5 vol % SGM 
 
0.128 
PP + 5 vol % Al2O3 
+ 5 vol % SGM 
 
0.161 
 
5 
 
0.082 
 
0.095 
PP + 10 vol % AlN 
+ 10 vol % SGM 
 
0.203 
PP + 10 vol % Al2O3 
+ 10 vol % SGM 
 
0.243 
 
10 
 
0.112 
 
 
0.137 
PP + 15 vol % AlN 
+ 15 vol % SGM 
 
0.346 
PP + 15 vol % Al2O3 
+ 15 vol % SGM 
 
0.382 
 
15 
 
0.141 
 
0.176 
PP + 5 vol % AlN 
+ 10 vol % SGM 
 
0.182 
PP + 5 vol % Al2O3 
+ 10 vol % SGM 
 
0.223 
 
20 
 
0.179 
 
0.216 
PP + 15 vol % AlN 
+ 10 vol % SGM 
 
0.255 
PP + 15 vol % Al2O3 
 + 10 vol % SGM 
 
0.297 
 
25 
 
0.208 
 
0.252 
PP + 10 vol % AlN 
+ 10 vol % SGM 
 
0.319 
PP + 20 vol % Al2O3 
+ 10 vol % SGM 
 
0.348 
 
* PP: Polypropylene, SGM: Solid Glass Micro-spheres 
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For the Set IV PP composites, this value becomes even higher and an 
improvement of about 490% is obtained i.e. micro-hardness value reaches 
0.348GPa, when 15 vol % Al2O3and 15 vol % SGM are reinforced in PP matrix 
(Table 5.6). Few reports are also available in the past on similar increasing trend 
in the value of micro-hardness for different filler-matrix combinations for both 
single filler and multi-filler systems [38, 41, 196]. 
As far as the comparison between the epoxy and PP based composites is 
concerned, the former ones are found to be always harder than the later ones. But 
for the same filler composition, the rate of increase in composite micro hardness 
is always found to be higher in case of PP composites as compared to epoxy 
composites. This may be primarily because of the better uniformity in 
distribution of fillers in PP composites than the epoxy composites as different 
techniques have been employed for the fabrication of these two classes of 
composite systems. The other possible reason might be the fact that the 
difference in intrinsic hardness values of fillers and PP is more than that between 
the fillers and epoxy.   
5.2.2 Tensile Strength 
Tensile strengths of the fabricated composite specimens are evaluated and the 
test results for all the epoxy and PP composites are presented in Tables 5.7 and 
5.8 respectively.  It is noticed that with addition of different fillers, tensile 
strength of both the polymers decreases and this decrement is a function of the 
filler loading. However, the rates of decrease for both the resins are quite 
marginal. While the tensile strength of neat epoxy is 59 MPa, it decreases by 
about 14.7% and reaches 50.3 MPa with the incorporation of 25 vol% of AlN 
(Set I epoxy composites). For the epoxy/Al2O3 composites (Set II epoxy 
composites), the tensile strength is found to be decreasing by about 12.9% when 
it attains a value 51.4 MPa with a filler content of 25 vol% (Table 5.7). 
Similarly, the tensile strength of PP reduces by 13.8% and 10.8% with inclusion 
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of 25 vol% of AlN (Set I PP composites) and Al2O3 (Set II PP composites) 
respectively. 
Table 5.7 Tensile strength of epoxy based composites  
Single Filler Hybrid Filler 
Filler 
content 
(vol %) 
Tensile strength 
(MPa) 
 
Composition 
Tensile 
strength 
 (MPa) 
 
Composition 
Tensile 
strength 
 (MPa) EP/AlN EP/Al2O3 
 
0 
 
59.0 
 
59.0 
EP + 5 vol % AlN 
+ 5 vol % SGM 
 
56.8 
EP + 5 vol % Al2O3 
+ 5 vol % SGM 
 
57.5 
 
5 
 
57.1 
 
57.7 
EP + 10 vol % AlN 
+ 10 vol % SGM 
 
55.1 
EP + 10 vol % Al2O3 
+ 10 vol % SGM 
 
56.3 
 
10 
 
55.8 
 
56.9 
EP + 15 vol % AlN 
+ 15 vol % SGM 
 
54.2 
EP + 15 vol % Al2O3 
+ 15 vol % SGM 
 
55.1 
 
15 
 
53.9 
 
55.8 
EP + 5 vol % AlN 
+ 10 vol % SGM 
 
56.4 
EP + 5 vol % Al2O3 
+ 10 vol % SGM 
 
57 
 
20 
 
52.4 
 
53.3 
EP + 15 vol % AlN 
+ 10 vol % SGM 
 
53.6 
EP + 15 vol % Al2O3 
 + 10 vol % SGM 
 
54.6 
 
25 
 
50.3 
 
51.4 
EP + 20 vol % AlN 
+ 10 vol % SGM 
 
51.2 
EP + 20 vol % Al2O3 
+ 10 vol % SGM 
 
52.3 
 
* EP: Epoxy, SGM: Solid Glass Micro-spheres 
Table 5.8 Tensile strength of polypropylene based composites  
 
Single Filler Hybrid Filler 
Filler 
content 
(vol %) 
Tensile strength 
(MPa) 
 
Composition 
Tensile 
strength 
(MPa) 
 
Composition 
Tensile 
strength 
(MPa) PP/AlN PP/Al2O3 
 
0 
 
45.0 
 
45.0 
PP + 5 vol % AlN 
+ 5 vol % SGM 
 
43.4 
PP + 5 vol % Al2O3 
+ 5 vol % SGM 
 
43.8 
 
5 
 
43.8 
 
44.1 
PP + 10 vol % AlN 
+ 10 vol % SGM 
 
41.6 
PP + 10 vol % Al2O3 
+ 10 vol % SGM 
 
42.9 
 
10 
 
42.1 
 
 
43.5 
 
 
PP + 15 vol % AlN 
+ 15 vol % SGM 
 
40.8 
PP + 15 vol % Al2O3 
+ 15 vol % SGM 
 
41.6 
 
15 
 
41.4 
 
42.2 
PP + 5 vol % AlN 
+ 10 vol % SGM 
 
42.9 
PP + 5 vol % Al2O3 
+ 10 vol % SGM 
 
43.5 
 
20 
 
40.2 
 
41.3 
PP + 15 vol % AlN 
+ 10 vol % SGM 
 
41.2 
PP + 15 vol % Al2O3 
 + 10 vol % SGM 
 
42.1 
 
25 
 
38.8 
 
40.1 
PP + 20 vol % AlN 
+ 10 vol % SGM 
 
39.9 
PP + 20 vol % Al2O3 
+ 10 vol % SGM 
 
40.8 
 
* PP: Polypropylene, SGM: Solid Glass Micro-spheres 
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It means the tensile strength which is 45 MPa for neat PP resin is reduced to 38.8 
MPa and 40.1 MPa with incorporation of AlN and Al2O3 respectively (Table 
5.8). This reduction in tensile strength with filler addition may be due to the fact 
that chemical bond strength between filler particles and the matrix body is not 
adequately strong to transfer the tensile load and due to the increase in void 
percentage in the composites with increase in filler content. Similar behaviour of 
variation in tensile strength has been reported previously by various researchers 
as well for a number of similar matrix-filler combinations [175, 202, 223]. Also, 
when the filler is Al2O3, decrease in tensile strength of both the resins are less 
compared to when AlN is filler material which is because of the obvious reason 
that Al2O3possesses higher strength value than its counterpart AlN. Again 
compression moulding is coming out to be a more efficient way to fabricate 
composite as compared to hand lay-up method as the percentage reduction in 
tensile strength of PP composite is less compared to epoxy composites. 
It is further seen that the rate of decrease of tensile strength reduces when 
AlN/Al2O3 particles are premixed with SGM and are incorporated in resins 
mainly because of the perfect spherical shape of the SGM which reduces stress 
concentration inside the composite body. Among the various hybrid composites 
fabricated, for the Set III epoxy composites, highest reduction of 13.2 % is 
observed for 20 vol% AlN and 10 vol% SGM combination where tensile 
strength goes down to 51.2 MPa. Likewise, for the Set IV epoxy composites, 
maximum reduction of 11.4% is noticed for 20 vol% Al2O3 and 10 vol% SGM 
with tensile strength of 52.3 MPa (Table 5.7). Similar is the case when matrix 
material is changed from epoxy to PP, where for the Set III PP composites, 20 
vol% AlN and 10 vol% SGM reduce PP tensile strength value to 39.9 MPa i.e. 
by 11.3 % and for the Set IV PP composites, 20 vol% Al2O3 and 10 vol% SGM 
reduce its tensile strength value to 40.8 MPa i.e. by 9.3 % (Table 5.8). 
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5.2.3 Compressive Strength 
Compressive strengths of the fabricated specimens are evaluated and the test 
results for all the epoxy and PP composites are presented in Tables 5.9 and 5.10 
respectively.  It is noticed that with addition of fillers, compressive strength of 
both the polymers increases and this improvement is found to be more for 
increased filler content.  
While the compressive strength of neat epoxy is 114 MPa, it increases by 34.5 % 
and reaches 153.4 MPa with the incorporation of 25 vol% of AlN (Set I epoxy 
composites) and with the incorporation of 25 vol% of Al2O3 (Set II epoxy 
composites) it increasesby39.8 % and reaches159.4 MPa (Table 5.9). Similarly, 
the compressive strength of PP which is 83 MPa increases to 116.4 MPa and 
124.2 MPa with  the incorporation of 25 vol% of AlN (Set I PP composites) and 
25 vol% of Al2O3(Set II PP composites) respectively which is an enhancement 
of 40.2% and 49.6% respectively(Table 5.10). The improvement in compressive 
strength with filler addition is mainly because of the high compressive strength 
of filler material. Also, the increase in compressive strength with increased filler 
content is due to the favorable deformation processes facilitated by the presence 
of fillers in the matrix. Under a compressive loading situation, the fillers 
apparently aid the load bearing capability of a composite, rather than acting as 
stress raiser as is the case in tensile loading. Further, the fact that in a 
compression test, any crack or flaw introduced by dispersion of the filler will, if 
at all, get healed (closed) and made ineffective, contrary to the crack opening 
mechanism occurring in a tensile loading situation.  Similar trend in regard to 
variation of compressive strength with filler content has been reported 
previously by few researchers for particulate filled polymer composites [19, 
290]. Also, with Al2O3 as filler, increase in compressive strength of both the 
resins is more compared to AlN as filler which is possibly because Al2O3 
possesses higher compressive strength than AlN. Here also, compression 
moulding is coming out to be a more efficient way to fabricate composite as 
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compared to hand lay-up method as the percentage improvement is more for PP 
composites compared to epoxy composites. 
Table 5.9 Compressive strength of epoxy based composites  
Single Filler Hybrid Filler 
Filler 
content 
(vol %) 
Compressive 
strength (MPa) 
 
Composition 
Compressive 
strength 
 (MPa) 
 
Composition 
Compressive 
strength 
 (MPa) EP/AlN EP/Al2O3 
 
0 
 
114.0 
 
114.0 
EP + 5 vol % AlN 
+ 5 vol % SGM 
 
125.3 
EP + 5 vol % Al2O3 
+ 5 vol % SGM 
 
129.2 
 
5 
 
120.8 
 
123.7 
EP + 10 vol % AlN 
+ 10 vol % SGM 
 
138.7 
EP + 10 vol % Al2O3 
+ 10 vol % SGM 
 
145.6 
 
10 
 
127.4 
 
132.3 
EP + 15 vol % AlN 
+ 15 vol % SGM 
 
154.2 
EP + 15 vol % Al2O3 
+ 15 vol % SGM 
 
160.9 
 
15 
 
136.8 
 
141.9 
EP + 5 vol % AlN 
+ 10 vol % SGM 
 
129.4 
EP + 5 vol % Al2O3 
+ 10 vol % SGM 
 
133.8 
 
20 
 
144.5 
 
151.4 
EP + 15 vol % AlN 
+ 10 vol % SGM 
 
150.5 
EP + 15 vol % Al2O3 
 + 10 vol % SGM 
 
155.4 
 
25 
 
153.4 
 
159.4 
EP + 20 vol % AlN 
+ 10 vol % SGM 
 
156.7 
EP + 20 vol % Al2O3 
+ 10 vol % SGM 
 
163.5 
 
* EP: Epoxy, SGM: Solid Glass Micro-spheres 
Table 5.10 Compressive strength of polypropylene based composites  
Single Filler Hybrid Filler 
Filler 
content 
(vol %) 
Compressive 
strength (MPa) 
 
Composition 
Compressive 
strength 
 (MPa) 
 
Composition 
Compressive 
strength 
 (MPa) PP/AlN PP/Al2O3 
 
0 
 
83.0 
 
83.0 
PP + 5 vol % AlN 
+ 5 vol % SGM 
 
92.1 
PP + 5 vol % Al2O3 
+ 5 vol % SGM 
 
96.8 
 
5 
 
88.7 
 
91.8 
PP + 10 vol % AlN 
+ 10 vol % SGM 
 
102.9 
PP + 10 vol % Al2O3 
+ 10 vol % SGM 
 
108.7 
 
10 
 
94.2 
 
99.4 
PP + 15 vol % AlN 
+ 15 vol % SGM 
 
118.7 
PP + 15 vol % Al2O3 
+ 15 vol % SGM 
 
126.5 
 
15 
 
100.5 
 
106.5 
PP + 5 vol % AlN 
+ 10 vol % SGM 
 
95.8 
PP + 5 vol % Al2O3 
+ 10 vol % SGM 
 
99.2 
 
20 
 
108.3 
 
115.7 
PP + 15 vol % AlN 
+ 10 vol % SGM 
 
114.3 
PP + 15 vol % Al2O3 
 + 10 vol % SGM 
 
123.4 
 
25 
 
116.4 
 
124.2 
PP + 20 vol % AlN 
+ 10 vol % SGM 
 
121.2 
PP + 20 vol % Al2O3 
+ 10 vol % SGM 
 
129.9 
 
* PP: Polypropylene, SGM: Solid Glass Micro-spheres 
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Among the various hybrid composites fabricated, for the Set III epoxy 
composites, a maximum enhancement of 37.4 % is observed for 20 vol% AlN 
and 10 vol% SGM where compressive strength valuereaches156.7 MPa. 
Likewise, for the Set IV epoxy composites, highest improvement of 43.4 % is 
noticed for 20 vol% Al2O3 and 10 vol% SGM with compressive strength value 
of 163.5 MPa (Table 5.9).  Similar is the case when matrix material is changed 
from epoxy to PP, where for the Set III PP composites, 20 vol% AlN and 10 
vol% SGM combination enhances the compressive strength of PP to 121.2 MPa 
i.e. by 46 % and where for the Set IV PP composites, 20 vol% Al2O3 and 10 
vol% SGM combination enhances its compressive strength to 129.9 MPa i.e. by 
56.5 % (Table 5.10). 
Chapter Summary 
Several important conclusions emerge from the extensive results obtained in 
these studies carried out on epoxy composites with single and hybrid filler 
systems and polypropylene composites with similar fillers, with regard to their 
physical, mechanical and micro-structural behaviour. The results presented in 
this chapter clearly indicate a trendy characterization in the behaviour of 
different particulate composites studied and they provide a very important 
criterion for the choice of the composites for specific needs. 
The next chapter presents the test results related to the thermal and dielectric 
characteristics of all the epoxy based composites considered in the present work.  
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Chapter 6  
Results and Discussion – II 
THERMAL AND DIELECTRIC CHARACTERISTICS 
OF EPOXY BASED COMPOSITES 
This chapter presents the calculated and measured values of thermal and 
dielectric properties of the epoxy based composites filled with different fillers. 
The relative effects of different filler materials on various thermal and dielectric 
properties of the composites have also been discussed. It also presents the 
experimental validation of the proposed models (Chapter 3) related to the 
effective thermal conductivity of the composites.   
6.1 THERMAL CHARACTERISTICS 
6.1.1 Effective thermal conductivity (keff) 
Effective thermal conductivity of epoxy based composites reinforced with 
single filler: 
The thermal conductivities of epoxy composites filled with micro-sized AlN 
particles (Set I epoxy composites) with filler volume fraction ranging from 0 % 
to 25 % are shown in Figure 6.1, whereas for micro-sized Al2O3 particles (Set II 
epoxy composites) as filler are shown in Figure 6.2. The figures show 
comparisons among the values of thermal conductivity calculated from some 
well-established theoretical models [127, 129, 132, 141], those obtained from the 
proposed mathematical model (Equation 3.20) and the measured values. It may 
be noted that, while the intrinsic thermal conductivity of thermoset polymer 
epoxy is 0.363 W/m-K, that of aluminium nitride is 160 W/m-K and of 
aluminium oxide is 35 W/m-K. Thus the conductivities of both the aluminium 
based ceramic fillers used in this work are much greater than that of the neat 
polymer. Therefore, the addition of either of the fillers to epoxy is expected to 
improve the keff of composites and this is reflected in Figures 6.1 and 6.2. It is 
but obvious that as the filler content in the matrix increases, there will be 
monotonic improvement in the effective conductivity.  
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This can be explained as follows; since the polymer is less conductive, the 
resistance to heat flow within an unfilled polymer body is quite high. But when 
the particulate fillers are added to it and the filler content in the polymer 
gradually increases, the space filled with epoxy resin between consecutive 
conductive filler particles reduces. As a result of which the overall resistance 
offered to heat flow becomes relatively less and subsequently the thermal 
conductivity of the composite system increases.  
It is also observed that the proposed model is in good agreement with measured 
data whereas other established models are underestimating the value of effective 
thermal conductivity. The deviation of values obtained from the existing models 
with the measured ones might be attributed to the assumptions taken for the 
respective models most of which are often unrealistic. Further, for low volume 
fraction of filler particles, a marginal increase in the value of thermal 
conductivity is observed as they can disperse randomly in the epoxy matrix and 
has weak interaction with one another. As the volume fraction of filler increases, 
the particles begin to touch each other, resulting in the formation of conductive 
path, due to which a sudden jump in the value of thermal conductivity is 
observed. The limiting filler content (volume fraction) at which such sudden rise 
in keff of the composite is noticed is called the percolation threshold of that 
particular filler in the resin. For epoxy/AlN composites, the percolation threshold 
reaches when filler content increases beyond 17.5 vol% and for epoxy/Al2O3 
composites, the percolation threshold reaches when filler content increases 
beyond 15 vol%. Beyond this, no theoretical model including the proposed 
model is able to estimate the conductivity value correctly. This can be attributed 
to the fact that, while deriving the present correlation, the inter-connectivity 
between the filler particles which are built up at high filler concentrations in the 
real composite have not taken care of.  
Some more obvious observations are seen from Figure 6.1 and 6.2. For example, 
the experimentally measured values are less than the values obtained from 
proposed model up to the percolation threshold for each sample. 
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Fig 6.1 Effective thermal conductivity of Set I epoxy composites 
 
Fig 6.2 Effective thermal conductivity of Set II epoxy composites 
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It is because, some actual factors are not considered while deriving the 
theoretical model, such as thermal resistance between matrix and filler material 
and voids present. The volume fraction of air present in the composite material is 
a very important factor which affects its thermal conductivity, though the 
volume fraction and density of air is very small compared to the filler and matrix 
material but because of its very low thermal conductivity, its effect is noticeable.  
Table 6.1 Comparison of proposed model and measured values along with 
associated error (For single filler epoxy composites) 
 
 
Filler 
content 
(Vol%) 
Epoxy/AlN  Epoxy/Al2O3 
Effective thermal  
conductivity (W/m-K) 
 
Absolute 
error  
(%) 
Effective thermal  
Conductivity (W/m-K) 
 
Absolute 
error  
(%) 
Proposed   
model 
Measured 
value 
Proposed   
model 
Measured 
value 
 
2.5 
 
0.560 
 
0.532 
 
5.26 
 
0.536 
 
0.484 
 
10.74 
 
5 
 
0.657 
 
0.648 
 
1.39 
 
0.626 
 
0.575 
 
8.86 
 
7.5 
 
0.748 
 
0.735 
 
1.77 
 
0.711 
 
0.631 
 
12.6 
 
10 
 
0.841 
 
0.828 
 
1.57 
 
0.796 
 
0.712 
 
11.8 
 
12.5 
 
0.939 
 
0.919 
 
2.18 
 
0.886 
 
0.808 
 
9.65 
 
15 
 
1.045 
 
1.029 
 
1.55 
 
0.983 
 
0.896 
 
9.71 
 
17.5 
 
1.163 
 
1.150 
 
1.13 
 
1.089 
 
1.791 
 
39.2 
 
20 
 
1.294 
 
1.786 
 
27.55 
 
1.207 
 
1.872 
 
35.5 
 
22.5 
 
1.445 
 
1.883 
 
23.26 
 
1.341 
 
1.992 
 
32.7 
 
25 
 
1.621 
 
1.982 
 
18.21 
 
1.494 
 
2.114 
 
29.3 
 
With 25 vol% of filler content, the keff of epoxy/AlN composites reaches 1.982 
W/m-K which is an improvement of around 446% as compared to virgin epoxy 
and with same amount of filler loading the keff of epoxy/Al2O3 composites 
improved by around 482 % and reaches 2.114 W/m-K. It can be observed that 
the rate of increase in thermal conductivity beyond percolation is more when 
Al2O3 is reinforced in epoxy as compared to when AlN as filler. It is because, 
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once the particles begin to touch each other, Al2O3 with its uniform distribution 
and low porosity of its composites form well organized conductive chains which 
shoot the thermal conductivity value to a higher side.  Also it is discussed by 
Bigg [291] that when intrinsic thermal conductivity of the filler material is 
greater than 100 times that of the polymer matrix, there is no significant 
improvement in the composite effective thermal conductivity and the rate of 
increase in conductivity becomes stagnant. In the present case, Al2O3 possesses a 
thermal conductivity of about 100 times that of epoxy whereas conductivity of 
AlN is around 400 times, but the difference between keff of their composites is 
very less.   
Table 6.1 presents the comparison between the measured values of keff and those 
obtained from the proposed model for composites with different filler content. 
The absolute error percentages associated with each set of readings are also 
given. It can be seen from the error column that there is a better agreement 
between the experimental value and the theoretical value up to the percolation 
threshold and the errors are well within an acceptable range (0-12%).  
Effective thermal conductivity of epoxy based composites reinforced with 
hybrid fillers: 
For multi filler composites, the effective thermal conductivity values of epoxy 
filled with AlN in different proportions with SGM (Set III epoxy composites) are 
shown in Figure 6.3 and those of epoxy filled with Al2O3 in different proportions 
with SGM (Set IV epoxy composites) are shown in Figure 6.4. The figures show 
comparisons among the values of thermal conductivity calculated from the 
proposed theoretical model (Equation 3.47) and the measured values. It can be 
seen from both the figures that the values obtained from the proposed model are 
in close approximation with the measured values for the entire range of filler 
content. Table 6.2 presents the model values and measured values together with 
the absolute errors associated with them. From the table it is clear that the 
deviations between the two values are in the narrow range of 8-11%. The reason 
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for this marginal deviation is because of the assumptions taken while deriving 
the correlation.  
 
Fig 6.3 Effective thermal conductivity of Set III epoxy composites 
 
 
Fig 6.4 Effective thermal conductivity of Set IV epoxy composites 
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Table 6.2 Comparison of proposed model and measured values along with 
associated error (For hybrid filler epoxy composites) 
 
Epoxy + AlN + SGM Epoxy + Al2O3 + SGM 
 
 
Compositions 
 
Effective thermal 
conductivity 
(W/mK) 
 
Absolute 
error  
(%) 
 
 
Compositions 
 
Effective thermal 
conductivity 
(W/mK) 
 
Absolute 
error  
(%) 
Proposed 
model 
Measured 
value 
Proposed 
model 
Measured 
value 
Epoxy  
+ 5 vol % AlN  
+ 5 vol % SGM  
 
0.494 
 
0.545 
 
9.35 
Epoxy  
+ 5 vol % Al2O3 
+ 5 vol %SGM  
 
0.486 
 
0.539 
 
9.83 
Epoxy  
+ 10 vol % AlN  
+ 10 vol % SGM 
 
0.535 
 
0.586 
 
8.71 
Epoxy  
+ 10 vol % Al2O3 
+ 10 vol % SGM 
 
0.527 
 
0.581 
 
9.29 
Epoxy  
+ 15 vol % AlN  
+ 15 vol % SGM  
 
0.561 
 
0.622 
 
9.81 
Epoxy  
+ 15 vol % Al2O3 
+ 15 vol % SGM  
 
0.553 
 
0.615 
 
10.08 
Epoxy  
+ 5 vol % AlN  
+10 vol % SGM  
 
0.481 
 
0.539 
 
10.76 
Epoxy  
+ 5 vol % Al2O3 
+10 vol % SGM  
 
0.473 
 
0.532 
 
11.09 
Epoxy  
+ 15 vol %  AlN  
+ 10 vol %SGM  
 
0.58 
 
0.641 
 
9.51 
Epoxy  
+ 15 vol % Al2O3 
+ 10 vol %SGM  
 
0.572 
 
0.635 
 
9.92 
Epoxy  
+ 20 vol % AlN  
+ 10 vol % SGM  
 
0.623 
 
0.684 
 
8.91 
Epoxy  
+ 20 vol % Al2O3 
+ 10 vol % SGM  
 
0.613 
 
0.675 
 
9.18 
 
Incorporation of SGM with either of the AlN/Al2O3 fillers in epoxy gives lesser 
value of thermal conductivity as compared to when AlN/Al2O3 are alone 
reinforced in matrix body which is mainly because of the insulative nature of 
SGM filler. The maximum keff among the various fabricated samples is obtained 
when 20 vol% AlN premixed with 10 vol% SGM is reinforced in epoxy resin for 
the Set III epoxy composites.  The keff values goes up to 0.684 W/mK which is 
an improvement of 88.5% compared to neat epoxy (Figure 6.3). Similarly, 
among the Set IV epoxy composites, a maximum keff value of 0.675 W/mK is 
obtained for the composite filled with 20 vol% Al2O3 and 10 vol% SGM.  This 
improvement in keff amounts to about 86% compared to the neat epoxy (Figure 
6.4).    
Interestingly, it can be seen that contrary to the single filler reinforced 
composites where experimental values are less compared to the values obtained 
from the proposed correlation; for hybrid filler composites, experimental values 
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are found to be higher. The main reason for lower values (measured) of 
conductivity below percolation threshold in case of single filler reinforced 
polymer composites is the presence of greater amount of voids in the 
composites. The volume fractions of voids for composites with hybrid fillers are 
relatively less as can be seen in chapter 5 (Tables 5.1, 5.2, 5.3 and 5.4). Further it 
can be seen that, unlike single filler reinforced composites, there is no 
phenomenon of percolation occurring for hybrid composites. This is solely 
because of the presence of insulative SGM particles which deter AlN/Al2O3 
particles to form conductive chains inside the polymer matrix.     
6.1.2 Glass transition temperature (Tg) 
Glass transition temperatureof epoxy based composites reinforced with 
single filler: 
The glass transition temperatures of the epoxy/AlN composites (Set I epoxy 
composites) and epoxy/Al2O3 composites (Set II epoxy composites) are shown 
in Figure 6.5 and 6.6 respectively. Glass transition temperature of neat epoxy is 
measured to be 98°C which gradually increases to 112
o
C when AlN is reinforced 
in epoxy and to 116°C in case of Al2O3 reinforcement as the respective filler 
content is increased from 0 to 25 vol%.  
Usually, addition of such filler increases the Tg of the composites, which results 
from the interaction between a filler and a polymer by forming a network 
structure between them. Because of this network structure, the movement of 
molecular segment is limited in it and hence the glass transition temperature 
increases [244]. 
The glass transition temperature of the polymer matrix depends on the free 
volume of the polymer, which is related to the affinity between the filler and the 
polymer matrix [175]. The filler which shows better affinity with matrix will 
result in higher glass transition temperature of composite. It is clear from the 
graphs that Al2O3 particles possess better affinity for epoxy matrix as compared 
to AlN particles. Similar trends regarding the glass transition temperature of 
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particulate filled polymer composites have also been reported by some other 
investigators earlier [208, 244]. 
 
Fig 6.5 Glass transition temperatures of Set I epoxy composites 
 
 
 
 
Fig 6.6 Glass transition temperatures of Set II epoxy composites 
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Glass transition temperature of epoxy based composites reinforced with 
hybrid fillers: 
For multi filler composites, the glass transition temperature values of the epoxy 
filled with AlN in different proportions with SGM are shown in Figure 6.7 (Set 
III epoxy composites) and epoxy filled with Al2O3 in different proportions with 
SGM are shown in Figure 6.8 (Set IV epoxy composites).It can be seen from the 
figures that by increasing the content of either fillers, glass transition 
temperature of the respective composite system increases. For AlN premixed 
SGM when reinforced in epoxy resin, glass transition temperature reached 
maximum to 119°C for a combination of 20 vol% AlN and 10 vol% SGM 
whereas with a combination of 20 vol% Al2O3 and 10 vol% SGM this value goes 
higher and reaches 124°C.It can be observed that when AlN/Al2O3 fillers are 
added with SGM in the matrix body, the rate of increase of Tg accelerated which 
may be due to the greater affinity of SGM among all the fillers with epoxy. It is 
encouraging to note that the hybrid composites under present investigation 
exhibit improved Tg as compared to that of epoxy filled with single fillers, 
confirming a less mobile structure of the developed material. 
 
Fig 6.7 Glass transition temperatures of Set III epoxy composites 
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Fig 6.8 Glass transition temperatures of Set IV epoxy composites 
 
6.1.3 Coefficient of thermal expansion 
Coefficient of thermal expansion of epoxy based composites reinforced 
with single filler: 
The intrinsic CTE values of AlN and Al2O3 are lower compared to that of neat 
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Fig 6.9 Coefficient of thermal expansion of Set I epoxy composites 
 
 
Fig 6.10 Coefficient of thermal expansion of Set II epoxy composites 
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The theoretical models that are considered for the sake of comparison in the 
present work are rule of mixture model [146], Turner model [149], Kerner model 
[150] and Rosen-Hashin model [155]. As expected, the incorporation of particles 
into the polymers results in a reduction in the value of CTE of the composites. 
This reduction is desirable and may be attributed to the restricted mobility of the 
polymer molecules arising out of adsorption of filler surfaces. 
In case of epoxy/AlN composites, it is observed that, first the CTE value 
decreases from 66 × 10
-6
/°C to 62.96 × 10
-6
/°C for 5 vol% of AlN filler, and 
when further filler is added, a slight increase in CTE value is observed.  The 
value of CTE is found to increase from 62.96 × 10
-6
/°C to 63.86 × 10
-6
/°C as the 
AlN content is raised from 5 to 25 vol%. The possible reason for such trend is 
the inevitable agglomeration of AlN particles within the matrix body at higher 
concentration. It is expected that the lack of uniform distribution or AlN in 
cluster form in some part does not provide adequate obstacles to the expansion 
of polymer chains.  
A similar observation in case of polymer filled with clay is also reported 
elsewhere [292], where the addition of low clay content of 2 vol% in matrix 
decreased the CTE, but higher clay content of 4 vol% increased the CTE of same 
matrix material. Similarly, Yasmin et al. [96] reported that the addition of 
graphite platelets by 2.5 wt% decreases the CTE whereas addition of filler 
beyond 5 wt% increases the CTE of epoxy matrix. 
In case of epoxy/Al2O3 composites, CTE decreases linearly as the filler loading 
increases, but for higher filler loading, not much reduction in the value of CTE is 
obtained after 15 vol%. The maximum decrease of about 15% in CTE is 
obtained at 25 vol% Al2O3 filled composites where the CTE reduces to a value of 
56.2 × 10
-6
/°C.  
It can further be seen from both the figures that after certain filler loading, the 
experimental values are coming out of the range of lower and upper bound of 
Rosen-Hashin model and also value calculated from Kerner‘s model and rule of 
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mixture are slightly lower than the experimental value in case of epoxy/Al2O3 
composites whereas for epoxy/AlN composites, this deviation increases to much 
higher values. The possible reason for such trend might be because of inevitable 
agglomeration in case of AlN as filler and slight agglomeration in case of Al2O3 
as filler at higher concentration in epoxy composites fabricated by hand lay-up 
technique. Moreover for both sets of composites, Turner‘s model is far from 
satisfaction. This is not surprising as the Turner‘s model does not describe the 
actual stress state in the composites and consider only uniform hydrostatic 
stresses existing in the phases, while the stresses inside the composites are very 
complex.  
Coefficient of thermal expansion of epoxy based composites reinforced 
with hybrid fillers: 
For multi filler composites, the coefficient of thermal expansion values of the 
epoxy composites filled with AlN in different proportions with SGM (Set III 
epoxy composites) are shown in Figure 6.11 and epoxy composites filled with 
Al2O3 in different proportions with SGM (Set IV epoxy composites) are shown 
in Figure 6.12. 
 
Fig 6.11 Coefficient of thermal expansion of Set III epoxy composites 
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Fig 6.12 Coefficient of thermal expansion of Set IV epoxy composites 
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6.2 DIELECTRIC CHARACTERISTICS 
Dielectric constant of epoxy based composites reinforced with single filler: 
As already mentioned, dielectric constant is an important electrical property of 
any material which is defined as the ratio of the permittivity of a substance to the 
permittivity of free space.The materials used in integrated circuits must possess 
low dielectric properties for better device performance. The dielectric constant 
greatly influences the signal-carrying capacity and the speed of the device to 
propagate signals. Generally, low dielectric constant makes a high accumulation 
of the device itself and a high clock rate is possible. The delay in signal 
propagation in devices can be determined as [80]: 
cd
c
l
T           (6.1) 
where c and l are the velocity of light and transmission distance of the signal 
respectively. From equation 6.1, it can be seen that the time delay (Td) caused in 
signal propagation is directly proportional to the square root of dielectric 
constant (ɛc). So a low dielectric constant is needed to reduce the delay time.  
The dielectric constant variations of the Set I epoxy composites and the Set II 
epoxy composites with frequency in the range 1 kHz -1 MHz are shown in 
Figure 6.13 and 6.14 respectively. The result shows that for all sets of 
composites, there is a clear reduction in the value of dielectric constant within 
the measured frequency range. The decrease in the dielectric constant with an 
increase in frequency is due to the reason that the interfacial dipoles have less 
time to orient themselves in the direction of the alternating field when frequency 
rises [185]. Similar trend has been observed by Wu et al. [181] as well.  
Generally in a matrix, a decrease in dipolar polarization is responsible for the 
reduction in the dielectric constant. But in polymer composites, the presence of 
fillers makes the system heterogeneous. As a result, in addition to the dipolar 
polarization, interfacial polarization is also present in composite materials. Thus 
the polymer molecules within the interphase region are restricted from dipolar 
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polarization compared to the molecules in the bulk matrix regions leading to the 
reduction in the dielectric constant [87].  
 
Fig 6.13 Variation of dielectric constant with frequency for Set I epoxy 
composites 
 
 
Fig 6.14 Variation of dielectric constant with frequency for Set II epoxy 
composites 
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Fig 6.15 Measured and calculated dielectric constant at 1MHz for Set I epoxy 
composites 
 
 
 
Fig 6.16 Measured and calculated dielectric constant at 1MHz for Set II epoxy 
composites 
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It can also be seen from the figures that the value of dielectric constant increases 
with filler content due to high dielectric constant value of AlN and Al2O3 
compared to neat epoxy. For epoxy/AlN composites, dielectric constant reaches 
to 6.08 for maximum filler loading of 25 vol% at 1 kHz whereas for 
epoxy/Al2O3 composites it goes to 6.25 for similar filler loading and frequency.  
Further, for two component systems, dielectric constants have been theoretically 
calculated by using equation 2.43, 2.48 and 2.49. These equations are the 
established correlations previously proposed by Lichtenecker [162], 
Jayasundare-Smith [166] and Poon-Shin [167] respectively.  Figures 6.15 and 
6.16 show the comparison between the experimental and the calculated values of 
dielectric constant obtained from these predictive equations at 1 MHz for 
epoxy/AlN and epoxy/Al2O3 composites respectively. 
It can be seen from both the figures that the models are valid for low volume 
fraction and thereafter they deviate. Though Lichtenecker‘s model is in closest 
approximation to the measured values, Jayasundare-Smith and Poon-Shin 
models show more deviation from the experimental values. Also the measured 
values are always lower than the theoretical values invariably for all cases. As it 
is known that the dielectric constant of the composite depends on two factors i.e. 
the polarization associated with matrix material and filler particles, and it is also 
influenced by the interfacial polarization at the interface between matrix and 
filler. The deviations of the theoretical from the measured values are due to the 
reason that the equations have been developed without considering the effect of 
interface together with voids and defects.  
It can also be seen that as the filler content increases, the experimental values 
deviate more from the corresponding theoretical values. It can be explained that 
with higher loading, the interfacial area between the matrix and filler increases 
and hence the influence of interface polarization on the dielectric constant also 
increases [183]. 
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Dielectric constant of epoxy based composites reinforced with hybrid 
fillers: 
For multi filler composites, when AlN /Al2O3 is premixed with SGM and 
reinforced in epoxy resin, similar trends in regard to the dielectric constant are 
observed as seen for single filler reinforced composites. The dielectric constant 
variations of the Set III epoxy composites and the Set IV epoxy composites as a 
function of frequency in the range 1 kHz -1 MHz are shown in Figures 6.17 and 
6.18 respectively. The results show that for all sets of composites, irrespective of 
filler type and content, there is a slight reduction in the value of dielectric 
constant within the measured frequency range as experienced in case of the Set I 
and II epoxy composites.  
Figures 6.19 and 6.20 show the measured values of dielectric constant at 1 MHz 
for the Set III epoxy composites and the Set IV epoxy composites respectively. It 
can be seen from the graph that the maximum value of dielectric constant 
reaches 4.63 for Set III epoxy composites and 4.75 for Set IV epoxy composites. 
 
Fig 6.17 Variation of dielectric constant with operating frequency for Set III 
epoxy composites 
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Fig 6.18 Variation of dielectric constant with operating frequency for Set IV 
epoxy composites 
 
 
Fig 6.19 Dielectric constant at 1MHz for Set III epoxy composites 
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Fig 6.20 Dielectric constant at 1MHz for Set IV epoxy composites 
 
These maximum values are obtained for composites with 20 vol% of AlN/Al2O3 
and 10 vol% of SGM. This values increases with decrease in frequency and 
reaches a maximum of 4.97 and 5.09 for the Set III and IV epoxy composites 
respectively at lowest frequency of 1 kHz. It is clear from the graphs that as 
AlN/Al2O3 content increases; dielectric constant also increases whereas 
incorporation of SGM tries to bring down the value of dielectric constant. With 
SGM as one of the fillers, dielectric constant of epoxy based composites gets 
restricted to a very low value which is slightly higher than that of neat epoxy for 
wide range of filler content and operating frequency. 
Chapter Summary 
This chapter has provided: 
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 The validation of theoretical models developed and proposed in Chapter 3 
through experimentation 
 The synergistic effects of SGM and AlN/Al2O3 on effective conductivity 
of the epoxy based hybrid composites 
 A complete picture on the percolation behaviour exhibited by the fillers in 
regard to the thermal conductivity of epoxy based composite systems 
 Effects of single and hybrid fillers on glass transition temperature, 
coefficient of thermal expansion and dielectric constant of epoxy based 
composites 
The next chapter presents the thermal and dielectric characteristics of 
polypropylene based composites under this research which would enable us to 
explore possible use of the composites in potential application areas.    
***** 
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Thermal and Dielectric 
Characteristics of 
Polypropylene Based 
Composites 
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Chapter 7  
Results and Discussion – III 
THERMAL AND DIELECTRIC CHARACTERISTICS 
OF POLYPROPYLENE BASED COMPOSITES 
This chapter presents the calculated and measured values of thermal and 
dielectric properties of the polypropylene (PP) based composites filled with 
different fillers. The relative effects of different filler materials on various 
thermal and dielectric properties of the composites have also been discussed. It 
also presents the experimental validation of the proposed models (Chapter 3) 
related to the effective thermal conductivity of the composites.   
7.1 THERMAL CHARACTERISTICS 
7.1.1 Effective thermal conductivity (keff) 
Effective thermal conductivity of polypropylene based composites 
reinforced with single filler: 
The effective thermal conductivities of polypropylene composites filled with 
micro-sized AlN particles (Set I PP composites) with filler volume fraction 
ranging from 0% to 25% are shown in Figure 7.1, whereas for micro-sized Al2O3 
particles (Set II PP composites) as filler are shown in Figure 7.2. The figures 
show comparisons among the values of thermal conductivity calculated from 
some well-established theoretical models, those obtained from the proposed 
theoretical model (Eqn 3.20) and the measured values. The intrinsic thermal 
conductivity of thermoplastic polymer polypropylene is 0.11 W/m-K, which 
found to be improved as the conductive AlN/Al2O3 particles are reinforced in it 
and this can be clearly noted from the figures. It is again observed that the 
proposed model is in good agreement with the measured data whereas other 
established models are underestimating the value of effective thermal 
conductivity.  
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Fig 7.1 Effective thermal conductivity of Set I PP composites 
 
Fig 7.2 Effective thermal conductivity of Set II PP composites 
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This agreement between the measured keff  values and the ones obtained from the 
proposed model is only up to the percolation threshold. Beyond this no 
theoretical models are estimating the conductivities value correctly.  For PP/AlN 
composites, the percolation threshold reaches when filler content increases 
beyond 20 vol% and for PP/Al2O3 composites, the percolation threshold reaches 
when filler content increases beyond 17.5 vol%. It can be observed that the value 
of percolation threshold vary with filler as well as with matrix material. Here 
also like the epoxy based composites, the measured values are less than the 
values obtained from proposed model up to the percolation threshold for each 
sample. 
Table 7.1 Comparison of proposed model and measured values along with 
associated error (For single filler PP composites) 
 
 
Filler 
content 
(Vol%) 
PP/AlN  PP/Al2O3 
Effective thermal  
conductivity (W/m-K) 
 
Absolute 
error 
(%) 
Effective thermal  
Conductivity (W/m-K) 
 
Absolute 
error  
(%) 
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Measured 
value 
Proposed   
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Measured 
value 
 
2.5 
 
0.171 
 
0.167 
 
2.39 
 
0.168 
 
0.164 
 
2.44 
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0.201 
 
0.198 
 
1.51 
 
0.198 
 
0.195 
 
1.54 
 
7.5 
 
0.229 
 
0.225 
 
1.77 
 
0.225 
 
0.220 
 
2.27 
 
10 
 
0.258 
 
0.255 
 
1.17 
 
0.253 
 
0.248 
 
2.01 
 
12.5 
 
0.288 
 
0.285 
 
 
1.05 
 
0.283 
 
 
0.276 
 
2.53 
 
15 
 
0.321 
 
0.317 
 
1.26 
 
0.314 
 
0.307 
 
2.28 
 
17.5 
 
0.357 
 
0.352 
 
1.42 
 
0.350 
 
0.342 
 
2.34 
 
20 
 
0.398 
 
0.392 
 
1.53 
 
0.389 
 
0.535 
 
27.2 
 
22.5 
 
0.445 
 
0.581 
 
23.4 
 
0.434 
 
0.593 
 
26.8 
 
25 
 
0.499 
 
0.638 
 
21.8 
 
0.486 
 
0.652 
 
25.5 
 
With 25 vol% of filler content, the keff of PP/AlN composites reaches 0.638 
W/m-K which is an improvement of 480% compared to neat PP and with same 
amount of filler loading the keff of PP/Al2O3 composites reaches 0.652 W/m-K 
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which is an improvement of about 493%. The increasing trend obtained for the 
value of keff in the present case is same as that obtained for epoxy based 
composites where the rate of increase in thermal conductivity beyond 
percolation is more with Al2O3 as the filler as compared to AlN.  
Table 7.1 presents the comparison between the measured values of keff and those 
obtained from the proposed model for composites with different filler content. 
The absolute error percentages associated with each set of readings are also 
given. It can be seen from the error column that there is a better agreement 
between the experimental value and the theoretical value up to the percolation 
threshold and the errors are almost negligible (0-2.5%).  
Effective thermal conductivity of polypropylene based composites 
reinforced with hybrid fillers: 
For multi filler composites, the effective thermal conductivity values of 
polypropylene filled with AlN and SGM (Set III PP composites) in different 
proportions are shown in Figure 7.3 and polypropylene filled with Al2O3 and 
SGM (Set IV PP composites) are shown in Figure 7.4. It has already been seen 
that, incorporation of either of the AlN/Al2O3 fillers in the PP leads to a 
significant improvement in the value of keff. But when a certain amount of 
AlN/Al2O3 content is replaced by equal volume of SGM, this improvement in 
the keff value is reduced. This is due to the obvious reason that the intrinsic 
conductivity of SGM is less than that of AlN/Al2O3. The maximum keff among 
the various fabricated samples is obtained when 20 vol% AlN and 10 vol% SGM 
are reinforced in PP resin for the Set III PP composites.  The keff values goes up 
to 0.397 W/mK which is an improvement of about 261% compared to neat PP 
(Figure 7.3). Similarly, among the Set IV PP composites, a maximum keff value 
of 0.382 W/mK is obtained for the composite filled with 20 vol% Al2O3 and 10 
vol% SGM.  This improvement in keff amounts to about 247% compared to the 
neat PP (Figure 7.4).   
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Fig 7.3 Effective thermal conductivity of Set III PP composites 
 
 
Fig 7.4 Effective thermal conductivity of Set IV PP composites 
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For hybrid filler composites, measured conductivity values are found to be 
higher compared to the proposed model values and also no sign of percolation is 
seen. This trend is the similar to that obtained for epoxy based hybrid composites 
(Chapter 6). It is further observed that, in case of PP based hybrid composites, 
maximum increase in the conductivity value is around 260%, which is much 
higher than that of epoxy based hybrid composites where a maximum increase of 
only around 90% has been recorded.  This is because, the less conductive SGM 
particles which are behaving as insulative filler for epoxy resin, now start 
behaving as conductive filler for PP resin owing to the fact that the intrinsic 
conductivity value of SGM (0.238 W/mK) is higher than that of PP (0.11 
W/mK). Hence, for PP as resin, both the fillers contribute towards improvement 
of conductivity of the composite as a whole and therefore rate of increase in 
conductivity for PP based hybrid composites becomes relatively higher. 
7.1.2 Coefficient of thermal expansion 
Coefficient of thermal expansion of polypropylene based composites 
reinforced with single filler: 
The variations in the theoretical and measured values of CTE of the PP 
composites reinforced with micro-sized AlN particles (Set I PP composites) are 
shown in Figure 7.5 and  PP composites reinforced with micro-sized Al2O3 
particles (Set II PP composites) for different filler loading are shown in Figure 
7.6. The coefficient of thermal expansion values of respective composites have 
been calculated theoretically using the rule of mixture model [146], Turner 
model [149], Kerner model [150] and Rosen-Hashin model [155] and these 
values are compared with the measured values. It can be seen from the figures 
that with increase in AlN/Al2O3 content in PP, CTE of the composites decreases 
monotonically, unlike the trend observed in case of epoxy based Set I and II 
composites. It can be seen from the figures that the CTE of PP reduces from 111 
× 10
-6
/
 o
C to 80.7 × 10
-6
/
 o
C when AlN content in it reaches to its maximum of 25 
vol%. On the other hand, CTE of PP reduces to 81.7 × 10
-6
/
 o
C when 25 vol% of 
Al2O3 is added to it. 
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Fig 7.5 Coefficient of thermal expansion of Set I PP composites 
 
 
Fig 7.6 Coefficient of thermal expansion of Set II PP composites 
0
20
40
60
80
100
120
140
0 5 10 15 20 25
C
T
E
 (
1
0
-6
/o
C
) 
AlN Content (Vol %) 
Experimental value Rule of mixture value
Turner model Kerner model
Rosen-Hashin upper limit Rosen-Hashin lower limit
0
20
40
60
80
100
120
140
0 5 10 15 20 25
C
T
E
 (
1
0
-6
/o
C
) 
Al2O3 Content (Vol %) 
Experimental value Rule of mixture value
Turner model Kerner model
Rosen-Hashin upper limit Rosen-Hashin lower limit
Ph.D. Thesis 2015 
 
National Institute of Technology, Rourkela (India) Page 136 
 
It can be further observed from the figures that for both sets of composites, the 
measured CTE values lie in between the upper and lower bounds of Rosen-
Hashin model for all volume fractions of filler. The measured values are close to 
the values obtained from upper bound of the Rosen-Hashin model as well as 
from the values obtained from Rule of mixture and Kerner‘s model whereas 
Turner‘s model is again far from satisfaction. 
Coefficient of thermal expansion of polypropylene based composites 
reinforced with hybrid fillers: 
For multi filler reinforcement, the coefficient of thermal expansion values of the 
PP composites filled with AlN and SGM (Set III PP composites) are shown in 
Figure 7.7 and those of PP composites filled with Al2O3 and SGM (Set IV PP 
composites) are shown in Figure 7.8.It can be seen from the figures that by 
increasing the content of either of the fillers, coefficient of thermal expansion of 
the respective composite system decreases appreciably. It is also worth noting 
that when AlN/Al2O3 are premixed with SGM, an uniformly decreasing trend is 
obtained and a much lower value of CTE is recorded with combined fillers 
which is because of low intrinsic CTE value of SGM. 
 
Fig 7.7 Coefficient of thermal expansion of Set III PP composites 
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Fig 7.8 Coefficient of thermal expansion of Set IV PP composites 
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7.2 DIELECTRIC CHARACTERISTICS  
Dielectric constant of polypropylene based composites reinforced with 
single filler: 
The dielectric constant variations of the Set I PP composites and the Set II PP 
composites with frequency in the range 1 kHz -1 MHz are shown in Figures 7.9 
and 7.10 respectively. It is clear from the figures that for all sets of composites, 
there is a clear reduction in the value of dielectric constant within the measured 
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reaches 4.06 for a maximum filler loading of 25 vol% at 1 kHz whereas for 
epoxy/Al2O3 composites it goes to 4.28 for similar filler loading and frequency.  
 
Fig 7.9 Variation of dielectric constant with frequency for Set I PP composites 
 
 
Fig 7.10 Variation of dielectric constant with frequency for Set II PP composites 
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Fig 7.11 Measured and calculated dielectric constant at 1MHz for Set I PP 
composites 
 
 
Fig 7.12 Measured and calculated dielectric constant at 1MHz for Set II PP 
composites 
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Further, for two component systems of different compositions, dielectric 
constants have been theoretically calculated by using few well established 
correlations proposed by Lichtenecker [162], Jayasundare-Smith [166] and 
Poon-Shin [167].  Figures 7.12 and 7.13 show the comparison between the 
experimental and the calculated values of dielectric constant obtained from these 
equations at 1 MHz for PP/AlN and PP/Al2O3 composites respectively. It can be 
seen from both the figures that the models are valid for low volume fraction and 
as the volume fraction increases the values obtained from the predictive 
correlations start deviating from the measured ones. While Lichtenecker‘s model 
is in closest approximation to the measured values, Jayasundare-Smith and 
Poon-Shin models show more deviation from the experimental values. It is 
further observed from both the figures that the measured values are always lower 
than the theoretical values invariably for all cases. Similar trend has also been 
observed when epoxy is reinforced with micro-sized AlN/Al2O3 (Chapter 6). 
 
Dielectric constant of polypropylene based composites reinforced with 
hybrid fillers: 
For multi filler composites, when AlN /Al2O3 is premixed with SGM and 
reinforced in PP resin, similar trends in regard to the dielectric constant are 
observed as seen for single filler reinforced composites. The dielectric constant 
variations of the Set III PP composites and the Set IV PP composites with 
frequency in the range 1 kHz -1 MHz are shown in Figures 7.13 and 7.14 
respectively. The results show that for all sets of composites, irrespective of 
filler type and content, there is a slight reduction in the value of dielectric 
constant within the measured frequency range as experienced in case of Set I and 
II epoxy composites.  
Figures 7.15 and 7.16 show the measured values of dielectric constant at 1 MHz 
for the Set III PP composites and the Set IV PP composites respectively. It can 
be seen from the graph that the maximum value of dielectric constant reaches 
2.75 for the Set III PP composites and 2.86 for the Set IV PP composites. These 
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maximum values are obtained for composites with 20 vol% of AlN/Al2O3 and 10 
vol% of SGM.  
 
Fig 7.13 Variation of dielectric constant with operating frequency for Set III PP 
composites 
 
Fig 7.14 Variation of dielectric constant with operating frequency for Set IV PP 
composites 
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Fig 7.15 Dielectric constant at 1MHz for Set III PP composites 
 
 
Fig 7.16 Dielectric constant at 1MHz for Set IV PP composites 
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These values increase with decrease in frequency and reach their maximum of 
3.76 and 3.98 at frequency of 1 kHz for Set III and IV PP composites 
respectively.  It is clear from the graphs that as AlN/Al2O3 content increases, 
dielectric constant also increases whereas incorporation of SGM contributes 
towards lowering the value of dielectric constant. This is because dielectric 
constant of SGM is much less than that of AlN and Al2O3. With SGM as one of 
the fillers, dielectric constant of PP based composites gets restricted to very low 
values which are almost equal to that of neat polypropylene for a wide range of 
filler content and operating frequency. 
Chapter Summary 
This chapter has provided: 
 The results of the experiments conducted to evaluate the thermal 
conductivity of the polypropylene based composites under study 
 The validation of theoretical models developed and proposed in Chapter 3 
through experimentation 
 The synergistic effects of SGM and AlN/Al2O3 on effective thermal 
conductivity of the polypropylene based hybrid composites 
 A complete picture on the percolation behaviour exhibited by the fillers in 
regard to the thermal conductivity of polypropylene based composites 
 Effects of single and hybrid fillers on coefficient of thermal expansion 
and dielectric constant of polypropylene based composites 
 
The next chapter presents a summary of the research findings and the specific 
conclusions drawn from this work. Some potential applications of the fabricated 
composites have also been recommended in the following chapter. It also 
outlines various scopes for future research in the related field.    
 
***** 
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Chapter 8 
CONCLUSIONS AND RECOMMENDATION FOR 
FUTURE WORK  
The research reported in this thesis broadly consists of three parts: 
 The first part is about the development of theoretical heat 
conduction models based on which mathematical correlations 
have been proposed for estimation of effective thermal 
conductivities of polymer composites with single as well as 
hybrid fillers.  
 The second part has provided the description of the materials 
used, routes adopted to fabricate the various thermoset and 
thermoplastic polymer composites and the details of the 
experiments that are conducted during this research. It also 
presents the test results in regard to the physical, micro-structural 
and mechanical characteristics of all the epoxy and polypropylene 
based composites filled with single filler i.e. micro-sized 
AlN/Al2O3. A comparative evaluation of the effects of premixing 
of SGM with micro-sized AlN/Al2O3 on different physical and 
mechanical properties of composite systems is also reported. 
 The last part has reported on the thermal and dielectric 
characteristics of the composites under this investigation. It 
includes an assessment of the effective thermal conductivities of 
these composites using the proposed models. The results are 
validated by simultaneous measurement of thermal conductivity 
of the composites in the laboratory. Effects of inclusion of various 
combinations of single/hybrid fillers on the effective thermal 
conductivity, glass transition temperature, coefficient of thermal 
expansion and dielectric constant of the composites are presented.   
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8.1 Conclusions 
The present analytical and experimental investigation on epoxy and 
polypropylene composites filled with different inorganic fillers (single/hybrid) 
has led to the following specific conclusions:  
1. Micro-sized aluminium nitride, aluminium oxide and solid glass 
microsphere possess ample reinforcing potential to be used as functional 
fillers in both thermoset and thermoplastic polymers. Successful 
fabrication of four sets of thermoset polymer composites i.e. epoxy-AlN 
(Set I), epoxy-Al2O3 (Set II), epoxy-AlN-SGM (Set III) and epoxy-Al2O3-
SGM (Set IV) is possible by hand lay-up technique and similar four sets 
of thermoplastic polymer composites i.e. PP-AlN (Set I), PP-Al2O3 (Set 
II), PP-AlN-SGM (Set III) and PP-Al2O3-SGM (Set IV) is possible by 
compression moulding route. 
2. The density, porosity and morphology of these composites are greatly 
influenced by the type and content of filler materials, type of matrix 
materials and the fabrication route adopted. With increase in filler 
loading, density and the porosity increase invariably for all the 
composites. SEM micrographs reveal that by using compression 
moulding route, better uniformity in the distribution of filler within 
matrix body is obtained with relatively low amount of voids as compared 
to when composites are fabricated by hand lay-up technique. 
3. Incorporation of micro-sized AlN/Al2O3 fillers in polymers alters various 
mechanical properties of the respective polymer. On one hand, with 
increase in filler content, micro-hardness and compressive strength get 
improved, whereas, on the other hand, a marginal reduction in the value 
of tensile strength of these composites is noticed.  With increase in micro-
sized AlN content from 0-25 vol%, micro-hardness of epoxy increases 
from 0.087 GPa to 0.278 GPa, its compressive strength increases from 
114 MPa to 153.4 MPa and tensile strength decreases from 59 MPa to 
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50.3 MPa, whereas, in polypropylene composites with similar filler 
loading, the micro-hardness increases from 0.059 GPa to 0.208 GPa, 
compressive strength increases from 83 MPa to 116.4 MPa and tensile 
strength decreases from 45 MPa to 38.8 MPa. Similarly, with 25 vol% 
Al2O3, micro-hardness of epoxy increases to 0.331 GPa, its compressive 
strength increases to 159.4 MPa and tensile strength decreases to 51.4 
MPa, whereas, in polypropylene composites with similar filler loading, 
the micro-hardness increases to 0.252 GPa, compressive strength 
increases to 124.2 MPa and tensile strength decreases to 40.1 MPa.  
4. These mechanical properties get further improved for multi-filler 
composites i.e. when micro-sized AlN/Al2O3 particles are premixed with 
SGM and reinforced in polymers. For 15 vol% AlN and 15 vol% SGM as 
filler, micro-hardness of epoxy increases to 0.385 GPa and that of PP 
increases to 0.346 GPa, whereas for 15 vol% Al2O3 and 15 vol% SGM as 
filler, micro-hardness of epoxy increases to 0.419 GPa and that of PP 
increases to 0.382 GPa. Maximum compressive strengths of epoxy and 
PP are recorded as 156.7 MPa and 121.2 MPa respectively for 20 vol% 
AlN and 10 vol% SGM, whereas for 20 vol% Al2O3 and 10 vol% SGM, 
compressive strengths of epoxy and PP increase to 163.5 MPa and 129.9 
MPa respectively. Rate of decrease in tensile strength value with filler 
content gets reduced when multiple fillers are used as reinforcement. 
Minimum values of tensile strength for hybrid filler epoxy and PP 
composites are recorded as 51.2 MPa and 39.9 MPa respectively for 20 
vol% AlN and 10 vol% SGM,  whereas for 20 vol% Al2O3 and 10 vol% 
SGM, these values are 52.3 MPa and 40.8 MPa for epoxy and 
polypropylene composites respectively. 
5. Two correlations based on the law of minimal thermal resistance and 
equal law of specific equivalent thermal conductivity to estimate the 
effective conductivity of single filler and multi-filler composites are 
proposed. The proposed correlations can very well be used to estimate keff 
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for composites within the percolation limit for single filler composites 
and for the entire range of filler content for hybrid filler composites.  
6. For single filler composites, with 25 vol% of micro-sized AlN particles, 
effective thermal conductivity of epoxy is improved by 446% and reaches 
1.982 W/mK and that of PP is improved by 480% and reaches 0.638 
W/mK. Similary, with 25 vol% of micro-sized Al2O3 particles, effective 
thermal conductivity of epoxy is improved by 482% and reaches 2.114 
W/mK and that of PP is improved by 493% and reaches 0.652 W/mK. 
For multi-filler composites i.e. when AlN/Al2O3 is premixed with SGM, 
the effective thermal conductivity values are always higher than that of 
neat polymer. With 20 vol% AlN and 10 vol% SGM, the conductivities of 
epoxy and PP reach 0.684 W/mK and 0.397 W/mK respectively whereas 
with 20 vol% Al2O3 and 10 vol% SGM, the conductivities of epoxy and 
PP reach 0.675 W/mK and 0.382 W/mK respectively. 
7. It is observed that the glass transition temperature (Tg ) of epoxy gradually 
increases from 98°C to 112°C for epoxy-AlN composites as the AlN 
content increases from 0 to 25 vol% and for epoxy-Al2O3 composites, it 
goes up to 116°C as the Al2O3 content reaches 25 vol%. For multi-filler 
composites, Tg of epoxy increases to 119°C for 20 vol% AlN and 10 vol% 
SGM as filler. For 20 vol% Al2O3 and 10 vol% SGM it goes further high 
and reaches 124°C. 
8. The coefficients of thermal expansion (CTE) of the composites decrease 
with the increase in filler content. While the CTE of the neat epoxy is 66 
× 10
-6
/°C, it decreases to 63.86 × 10
-6
/°C and 56.2 × 10
-6
/°C with 25 vol% 
AlN and Al2O3 respectively. With similar filler loading and content, CTE 
of PP reduces from 111 × 10
-6
/°C to 80.7 × 10
-6
/
 o
C and 81.7 × 10
-6
/
 o
C 
respectively. For multi-filler composites, these CTE values get further 
reduced. With 20 vol% AlN and 10 vol% SGM, the CTE of epoxy and PP 
reach51.1 × 10
-6
/°C and 76.1 × 10
-6
/°C respectively whereas with 20 
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vol% Al2O3 and 10 vol% SGM, the CTE of epoxy and PP reach53.6 × 10
-
6
/°C and 78.2 × 10
-6
/°C respectively. 
9. It is seen that with increase in working frequency, dielectric constants of 
polymer composites decrease irrespective of matrix and filler type. The 
dielectric constant of neat epoxy is 4.3 and that of neat PP is 2.25 at an 
operating frequency of 1 MHz. With the addition of AlN/Al2O3 filler, 
dielectric constant of polymer composites increases. At minimum 
frequency of 1 kHz, for 25 vol% AlN as filler, dielectric constant of 
epoxy increases to 6.08 and that of PP increases to 4.06 whereas for 25 
vol% Al2O3 as filler, dielectric constant of epoxy increases to 6.25 and 
that of PP increases to 4.28. For multi-filler composites, synergistic 
effects of AlN/Al2O3 and SGM fillers give reduced value of dielectric 
constant. At 1 kHz, with 20 vol% AlN and 10 vol% SGM, the dielectric 
constant of epoxy and PP get restricted to 4.97 and 3.76 whereas with 20 
vol% Al2O3 and 10 vol% SGM, the dielectric constants of epoxy and PP 
composites are found to be 5.09 and 3.98 respectively. 
8.2 Recommendations for Potential Applications 
Composite materials show excellent performance, starting from their 
applications in manufacturing and electronic industries to house-hold appliances. 
It is mainly due to their light weight, high strength to weight ratio and potentially 
high resistance to environmental degradation resulting in lower lifecycle costs. 
The particulate filled polymer composites developed in this investigation are 
expected to have adequate potential for a wide variety of applications 
particularly in microelectronic industries. With enhanced thermal conductivity, 
improved glass transition temperature, reduced thermal expansion coefficient 
and modified dielectric characteristics, the epoxy and polypropylene composites 
with appropriate proportions of fillers can be used in micro-electronics 
applications which include printed circuit boards, substrate, interconnection, 
interlayer dielectrics, die attach, encapsulations, lid, heat sinks, electrical 
contacts, connectors, thermal interface material and housings. 
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8.3 Scope for Future Work 
The present research work leaves a wide scope for future investigators to explore 
many other aspects of particulate filled polymer composites. Some 
recommendations for future research include: 
 Development of theoretical models for filler particles of different shapes 
taking into account the filler-matrix interface resistance.  
 Possible use of thermally conductive ceramic fillers other than aluminium 
nitride and aluminium oxide, polymeric resins other than epoxy and 
polypropylene in the development of new composite systems. 
 Exploring the possibility of using natural fibers along with different 
ceramic particulates to fabricate such composites with improved 
functional properties.   
 Cost analysis of these composites to assess their economic viability in 
industrial applications. 
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